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f _ . This interim report covers laboratc~y tests and
research to develop a superior fire extingishing jst, of low
toxicity., suitable for use by troops in hand-portable containers
umder all olimatic conditions. Work at the Purin Reseeeh
Foundation and at the Ingtmeer Research and Development Labora-
tories daring the period 1 January 1947 through 1 April 1950 is
reported herein.

Investia tion. Iaboratory and practioal fire tests were
aonducted, gand-arollary determinationa were mau of toxicity,

corrosive action, electrical condctivity, as well as of the
effects of temperature and of using different fuels and mixtures
of different agents in inhibiting flame propagation. In both
the laboratory and practical fire tests two agents, brcomtrifluaro-
methane and dibromodifluaormethane, were found to be twice as
effective as carbon tetrachloride, and la practical fire tests at
-60 F bromotrifluorouethane was found to be most effective. This
agent was also found to be of negligible corrosiveness, and the
least toxic, in its natural chemical form, of the various fire
extinguishing agents tested., including carbon dioxide. These
data were aorrelated with the results of Independent investiga-
tions. Where possibleA the relationship between fire extingpish-
Ing effectiveness and the physical and chemical oharacteristics of
the agents was explored.

Conclusions. It is concludde that:

a. Of all the agents tested, bromotriflucromethane
best suits the actual military requirements for a fire extinguish-
ing agent, and is superior to metyl bromide and carbon tetrachloride.

b. As a military fire fighting agent, dibromodifluoro-
methane is equivalent to bromotrifluoromethane In all respects ex-
cept that of toxicity.

Recommendations. It is reocamended that service tests be
conducted on bromotrifluoromethane as a fire extinguishing agent
for Class B and C fires.

S... . ,Un ,,mnm unni I - u nNn •• m m m
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1. Subject. This interim report covers laboratory tests and
research to develop a superior fire extinguishing agent, of low
toxicity, suitable for use by troops in band-portable containers
under all climatic conditions. Work at the Purdue Research Founda-
tion and at the Engineer Research and Develolment Laboratories dur-
ing the period 1 January 1917 through I April 1949 is reported here-
in.

2. Authority. This investigation was conducted under the
authority of Project 8-76-04-0003, Fire Extinguishing Agent, Im-
proved, Self-Contained. The project card (RHE Porn 1A) is con.,
tained in Appendix A.

3. Personnel and Cooperating Agencies. The work was
carried on by the following project engineers, under the supervision
of K. L. Treiber, .Chief, Petroleu Distribution Branch, and T. B.
Edwards, Acting Chief, Fire Apparatus Section: Eugene Elliot,
3 March 1947 to 20 March 1948; Kenneth C. Peck, 20 March 1948 to 31
September 1949; James 1. Malcolm, 25 January 1949 to date.

The tests were accomplished by the following personnel of
the Fire Test Area; James M. Hayden, Area Supervisor; Albert N.
Williams, Group Leader; Edgar Helus, and Carrol Mahon, Fire Test
Fighters.

Consultation on chemical phases of the project and
laboratory fire tests were provided by the following personnel of
the ZRDL Materials Branch under the supervision of Arthur H. Van
Heuckeroth, Branch Chief; Charles E. Green, Chief, Chemical Pro-
jects Section; Newell F. Blackburn, Chemical Projects Engineer; and
Charlotte Boyle, Materials Engineer.

Purdue Research Foundation personnel working on the pro-
ject under contract included: Dr. Earl T. McBee, Head, Chemistry
Department; Dr. Zara D. Welch, Researbh Supervisor; and Dr's T. R.
Santelli, C. E. Wheelock, A. Truchan, 0. R. Pierce, R. A. Sandford,
and D. D. Miccucci, research fellows.

Cooperating agencies include the Equipment Laboratory,
Wright-Patterson Air Force Base, which has contributed funds to
this project and has participated in the technical development; and
the Civil Aeronautics Authority kxperimental Station, Indianapolis,
Indiana, which has supplied test data for inclusion in this report.
The Medical Division of the Army Chemical Center conducted the
toxicological screening Investigation.
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Private enterprises that have undertaken independent
investigations and/or have made data available to the IRDL include:
1. I. duPont de Nemours, Wilmington, Delaware; Minnesota Mining and
Manufacturing Company, St. Paul, Minnesota; Pennsylvania Salt Manu-
facturing Company, Philadelphia, Pennsylvania; and General Chemical
Division, Allied Chemical and Dye Corporation, New York City; Dow
Chemical Company, Midland, Michigan.

Liaison has been maintained with the Naval Research
Laboratory and the National Advisory Coumittee on Aeronautics,
Washington, D. C., both of which have interest in a more effective
and less toxic fire extinguishing agent.

"4. Terminolo2 . A terminology including the Underwriters'
Laboratory fire classification, terms derived in the laboratory
studies, and chemical nomenclature, is presented below:

Class A Fires. Incidences where the primary combustible
material is of a solid nature. In most instances the material is
cellulosic, i.e., wood, cotton, excelsior.

Class B Fires. Incidences where the primary combustible
material is a liquid (almost always a hydrocarbon); however, this
class covers solvent and liquid fuel fires in general.

Class C Fires. Incidences where electrical equipment or
lines are involved in the fire; consequently, an electrically non-
conductive type of extinguishing agent must be used to avoid danger
to personnel.

Flame Inhibition. The forbiddance, interdiction, or pre-
vention of the development of a flame.

Flame Extinction. The quenching or destruction of a
propagating flame.

Agent. A fire extinguishing compound.

Flammability Peak. The minimum agent concentration, in
percentage by volume, which will inhibit flame propagation in all
possible concentrations of fuel in a fuel-air-agent mixture.

Fuel Ordinate. The fuel concentration, in percentage by
volume, corresponding to the flamnability peak.

Halocarbon. A compound containing atoms of carbon and
one or more of the chemical elements fluorine, chlorine, bromine,
and iodine. Usually, there are several ways of identifying any one
organic (carbon) compound. Here, the most common or convenient



OheRmial naMe is used for the in•ividual chmical ,poun4 rather
than an arbitrarily selected systea that might prodwle for failiar
compounds nin unfamiliar to these not working in the field of
organic chmistry. For the balocarbans, a nomenclature has been
devised that satisfactorily identifies the simplest ompounds and
can be arbitrarily extended to include the more complex compounds.
The system of halocarbon na snclature, or halon nmubers, used in
this report is explained in detail in Appendix B.

5. Mechanism of Combustion and Fire ] The
mechanism of omibustion in Class 1 fires involves oxidation re-
aetions in the vapor phase at elevated temperatures. Before a
liquid can burn, it must be converted to a gas or vapor. Emaily
combustible liquids vaporize sufficiently at normal tperatures to
provide a vapor film of combustible concentration at the liquid sir-
face. Heavy oils can be ignited omly after the heat has vaporized
enough of the oil to initiate combustion.

The mechanism of combustion in Class A fires is in part
similar to that of Class B fires. A solid (wood, for example) may
partially'deccmpose under applied heat, and the gases produced on
decomposition may then undergo combusticn. In a wood fire, the
solid residue after thermal deoomposition (charcoal) may undergo
direct combustion., a fact demonstrated by the presence of embers
in Class A fires.

Class C fires may be combinations of Class A and B fires,
so that the same generalizations may be made concerning this type.
A Class C fire is considered apart from the first two classes,
since the presence of an electrical potential requires an electric-
ally non-coanductive extingashing agent.

Classically, a fire may be extinguished in one of three
ways: by exclusion of oxygen., by removal of the combustible, or by
removal of heat. In the past, the action of such agents as carbon
dioxide or metbyle bromide has been considered to be a result of
excluding oxygen from the burning material. But, if exclusion of
oxygen were the sole mechanism of fire extingulshment, one inert
gas would show little advantage over an equal volume of another gas
in putting out a fire. Thus, some other factor must be present in
the fire extinguishing action of such agents as carbon dioxide and
meth~yl bromide, and this factor miet logically involve the removal
of heat or energy from the reacting gases. The quantitative effect
of this latter factor determines the effectiveness of a chemical
agent. (For a 1rief theoretical discussion of flame extinguishment,
see Appendix C.)



6. l. The criteria =ead to judge the suitability of
a fire extinguishing agent for a mmaml hwmd unit are derived
principally from the military oharacteristics (see Appendix A).
They include fire extinguishing effectiveness, ocirrosivelmes
toxiojlty, electrical conductivity, volatility, freeze point, cost,
and commercial availability.

In the small portable units it is desired to have voi-
ing liquids (from the sandpoint of minizim damage to equipment) since
after extinguishment, the vaporizing liquid leaves no residue. Previ-
ouslyj, agents otherwise suitable for use in small, hand-portable units
have not been entirely satisfactory at low temperatures, and,, in addi-
tion, have displayed varying degrees of toxicity. These agents and
their characteristics are iminarized in Table I. Since it had been
noted that among the various fire extinguishing agents, the halocar-

.bons and halohydrocarbans possessed the desired qualities of
volatility and vaporization without the depositicm of a residue,
these and similar halogen caqpoxads were selected for study and re-
search. Also, since the principal aim of this investigation was to
produce an agent lees toxic and corrosive than carbon tetrachloride
and more effective than methyl bromide, and because of the inherent
inertness, low toxicity, and stability of certain fluorocarbons• it
was desired to include compounds of this type in the research and
study. However, it was noted that the synthesis of fluorine com-
pounds required special techniques and "know how" not present in
other halogen work. A survey of the field of fluorine chemistry re-
vealed that the Purdue Research Foundation was qualified to under-
take this research. (The Foundation had become prominent in this
field as a result of its work for the Manhattan District.)

Following negotiations and contacts with other quali-
fied organizations, contract W-44-O09 eng-507 was initiated with the
Foundation in June 1947. This work is being conducted according to
the program indicated below.

a. Laboratory tests of fire extinguishing effectiveness,
including studies of such variables as type of fuels used., and studies
of critical data (boiling and freezing point).

b. Laboratory investigations and study of other physical
and chemical properties such as toxicity, corrosiveness, electrical
conductivity, determination of thermal decomposition products.

c. Engineering tests of fire extinguishing effectiveness
at normal and at reduced temperatures.
1. When two or more fluorine atoms are attached to a carbon atom

in a compound the result is distinct inertness.



Tahbe I. Fire ktizmiskhin Agents i1

AppliMtiK
(018. of lire)

M~ntA 3 B LxIztqtiam an&~ Nowk

Water X Freezeu at 32 Fj eamen sa
damae In W.

chemical fam X X lot adaptale for =e at lov
taxpeature. Use occa.isa
considerable imanveuien
an ma came damap.

Soda-aoid (essential- X Freezes at bttmssa 25 and 30 Y;
17 self-propelling has corrosive actian; sabee
water type) some damag~e In. use,

Dry povder tpea X XI Military application of dry
powder tyWpe instigated. at 2MmL
dry powder found. to leave a cop-
ious residne which oca injure
fine machinery. (a)

ban tetrachloid X X Freezes at 7.6 F, and must be
bal an 10) winterizedj otherwise oLy a

:mlrately effective agnt.
Presents toxic hazards
(eupecially dangerous when fIre
is in confinad, Tventilated
locatiaa), but is not as toxic
as methyl bromide, and has
negligible corrosive action
vhen inhibited. with CS2 .

Chlorobrczametbane I X Boiling point 156 7j presents
toxic hazards (especially when
fire is in confined, imvrnti-
lated. locationm, but is not as
toxic as methyl bramide; otherl
wise', an effeptive agent.

Carbon dioxide X X Solidifies on attempted dis-
charge at -65 F. May be winter-
ized by addition of j2 however,
even when winterized, extinguish-
er are not entirely reliable.
Concentratioms above 10% hare
physiologica: effects leadin to
uncolsciousnas.

Methyl bromide X I Presents serious toxic hazards
(halon 1001) otherwise, an effective agent.

(a) MML Report 1143, Mry Povderý1T 10r ktillazisber 23 Setemberý
1949.
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d. Final container de.6 h.

e. Development of sources of supply for agent anAL con-
tainers.

f. Service testing.

This report oovers technical phases a, b, and a to 1 April
1950, and the material is presented here in the same general order.

Sources of supply have been developed where possible, and
continued liaison has been maintained with interested manufacturing
concerns.

Much of the work conducted at Purdue concerned original
syntheses of same of the copounds evaluated. That work is not
covered in this report, but will be presented in the ch•mioal
literature by the personnel responsible for the syntheses.

7. Laboratory Investigation of Flame Extinguishment. It be-
came evident shortly after the initiation of studies at the Purdue
Research Foundation that the laboratory investigation of flame
extinguishment should be resolved into an investigation of the flame
inhibition of various agents on a hydrocarbon vapor, and corollary
investigations of the effects of different combustibles, binary
mixtures of agents, temperature, and pressure. To facilitate in-
terpretation of the flame inhibition data obtained at Purdue, a
test was develcped in the =DL Materials Laboratory to determine
the effect 6f selected agents on small laboratory fires involving
a hydrocarbon, normal heptane. These laboratory investigations
are presented in greater detail in the following subparagraphs.

a. Flame Inhibition Tests Conducted by the Purdue Re-
search Foundation. An extensive literature search revealed that
previous testing of compounds used as fire extinguishing agents
had been conducted on an empirical basis under such varying con-
ditions that the results from the different types of tests could
not be compared.

The PRF concluded that a test procedure should be
used that would render reproducible results, be applicable to a
nwmber of different compounds, require only a small amount of
compound to be evaluated, and be conveniently operated. Con-
sequently, they adopted a procedure used by the Bureau of Mines
to investigate flauable limits of various fuels and the effect
of certain inert gases on these limits.

The method evaluates the flame inhibition proper-
ties of inert gases or vapor on mixtures of a combustible vapor
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and air, and consists of determining whether or not a given mixture
of the three components can be Ignited by a spark gap.; For a given
agnt . number of determinaticms are made with varying mixtures, and
the instances of flame propagation or nonpropagatian and the con-
centraticms of the camponente are recorded. (The apparatus and
procedures with which this was done are described in Appendix D,
kbzibit 1.)

The data obtained in these tests were expressed
graphically, the volume percentage of the agent being plotted against
that of the combustible vapor. Different symbols were used to repre-
sent points corresponding to propagation and nonpropagation of flame
respectively, so that the boundary between these two areas could be
determined and dravn as a curve. Thus, any point within the flaable
area defined by the curve represents a concentration of combustible
and agent vapor that will propagate flame.

A sample data sheet shoving the evaluation of methyl
bromide (halon 1001) is presented in Table II. From similar data
sheets the flammability curves of all the compounds were plotted,
and the coordinates of their flammability peaks were obtained. Dur-
ing the later part of the investigation flammability determinations
were made only in the region of the peaks to eliminate some of the
numerous trials necessary to completely define the entire curve.

It is seen in Fig. 1 that a peak in the flammability
area occurs at 1.4 percent n-heptane and 9.7 percent methyl bromide
in the air - n-heptane - methyl bromide mixture. This peak is the
minimum concentration of agent in the combustible mixture that will
inhibit flame propagation for any concentration of the combustible

2. -In the experimental determination of the flammability peaks
the spark gap was located at the bottom of the combustion tube
so that when a flame was propagated it traveled in an upward
direction. A discussion of the effect of direction of the
flame propagation on flammable limits has been presented by
Coward and Jones (H. F. Coward and G. W. Jones, Limits of
Inflammability of Gases and Vapors. U. S. Department of the
Interior. Bureau of Mines, Bulletin 279, Washington, U. S.
Government Printing Office, 1939, p.2). It has been noted
by independent investigators that downward propagation is
less apt to occur in mixtures near the limits of flammabil-
ity., and that results are somewhat more reproducible. With
upward flame propagation the traverse of the flame is aided
by convectional currents above the flame front. so that a
greater amount of inhibitor will be needed to insure non-
combustion in all concentrations of combustible and air.
Thus., as far as the individual agent is concerned, upward
propagation affords a more rigorous test.

.34
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Table II., Fla-able Limits fbr Mixtures of N-eptan.,
Air, and Methyl muaide (lalon 1001)

n-7H6 HJr Toal u--7R6 R31 Remit (a)

6.0 20o0 498 1.2 4.0
7.0 20r.0 508 1.4. 3 .9 +
6.0 40.0 500 1.2 8.0
7.0 40.0 500 1.4 8.o +
10.0 43.0 500 2.0 8.6 +
10.0 41.0 501 2.0 8.8
15.0 27.0 500 3.0 5A1 +
15.0 30.0 499 3.0 6.0
17.0 25-0 500 3.4 5.0
16.o 25b.0 504 3.2 5.0 +
13.0 35.0 498 2.6 7.0
12.0 35.0 500 2.4 7.0 +
11.0 .0.o 501 2.2 8.0
10.0 o .0.0 501 2.0 8.0 +
8.0 46.0 501 1.6 9.2 +
8.0o 17.0 499 1.6 9.4
7.0 48.0 501 1.4 9.6 +
7.0 49,0 500 1.4 9.8

25.0 9.0 503 5.0 1.8 +
26.0 9.0 503 5.2 1.8 -

(a) + indicates that the mixture burned.
- indicates that the mixture did not burn.

material, and is consequently taken as a criterion of the effect-
iveness of the inert vapor in inhibiting flame propagation. The
flammability peak criteria may be compared to determine the rela-
tive values of various agents on the volume basis. For example,
mythyl bromide (halon 1001) with a flammability peak at 9.7 per-
cent in n-heptane and air is superior,- volume for volume, to carbam
dioxide with a flammability peak at 29.5 percent under the same
condition; that is, the volume of methyl bromide vapor required to
inhibit flame propagation in a given volume of combustible gas mix-
ture would be one-third that required if carbon dioxide were used.

Table III sumarizes the results of the flame in-
hibition studies, and presents the melting and boiling points of
the various compounds, where available. In the table, the compounds
are arranged in the descending order of effectiveness on a vapor-
volume basis, and the coordinates of the flammability peaks (conose-
trations in volume percentage for both fuel and agent) are presented.
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The laboratory flame extinction and inhibition data
were collected on a vapor vlume basis because it was the most aon-
venient method. Rowever, to provide a means of evaluating the
agents on a Practical basis, it was necessary to expras their fire
extinguihment effectiveness in terms of a percentage based an the
weight of the agent used (see clmla 9, Table III). For this pur-
pose the following formula was used (methyl bromide is taken as the
criterion, since one goal of the project was to develop an agent
superior to it in effectiveness):

E !, M~O.(lO0)
Ta Ma

Whare I * Percentage weight effectiveness (methyl bromide be-
ing 100%)

Vo Volume percent of methyl bromide at its flambil-
ity peak with n-heptane as the fuel

Va zVolume percent of agent at its flammability peak
with n-heptane as the fuel

S= Formila weight of methyl bromide

Ma a Forwula weight of agent

b. Flame kxtinguisbment tests Condncted at IM Materials
Branch. Over 6F different cmpounds were evaluated by the flame in-
hibition method at PRY. It was realized, however, that the flame
inhibition method of screening compounds with respect to fire extin-
guishing effectiveness was open to some question, i.e.., from the
flame inhibition tests at agent concentrations where no flame was
propagated., it could not be safely assumed that the given agent
concentrations could extinguish a flame which had been initiated. be-
fore application of the agent. To remove any doubt concerning the
interpretation of the data, a series of tests were made by the URDL
Materials Branch in which inert vapors (various halogen compounds
and carbon dioxide) were applied to small n-heptane fires under
closely controlled conditions. These tests were not designed to
check the flammability peak data of individual compounds tested at
Purfte, but to determine if the relative effectiveness of various
agents as indicated by the flame inhibition method was valid for
the agents when applied to the n-heptane pot fires in the laboratory.
(The apparatus and procedure for these tests are presented in Appen-
dix D, Exhibit 2.)

Table IT Presents the sumsarized results of the
laboratory fire tests. The values presented in the "Time" column re-
present the average of several determinations at the flow rate
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indicated. A moderate variation in the flov rate did not appear to
osuse an equivalent change in the volm of agent necesepry to ex-
tinagnih the laboratory fires.

a. Stu& of BaSr Mixtures at PeJ. Although the goal
of this project vms to develop, if poselble, a single agent that
wvulA meet all the military reuirements, the IM7 noted that there
vas a possibility that a mixture of tvo or more Aents vould meet
the requiremnts. For this reaan, a limited study was conducted*
to determine fire extinguishing eff^ct of mixture. of two agents.
Thin was done by determining the flamability peaks of n-heptaue In
the presenoe of equi-vol= mixtures of various halogen caoundsý
and aleo by varying the proportions of two agents at a fixed on-
entrsatin of the ocabmstible. A notation was made of those m-.

bination and oonoentrations of seleoted agents in binary mixtures
that displayed synergistic. asynergisti., or anteg i effects,
that in, whether or not a binary mixturrevan Aw fecIve as
effective, or less effective than the molar average effeotiveneess
of the ooTpozMMEte.

Table IT. Sary of Data for Ocupounds Evaluated
In Laboratory Fire Tests at the M

Flow Extinguish- Volm Iffeat-
Chemical lalan Rate ment Time Required Iveness

Comn FQZVO=a& no. (1/mm.) (see.) (liters) (%)

Methyl ClE9r 103.01 4. 6.3 0.16 10 0a
brmide 5.8. 5.4 0.52

Diachorodi- 0c0272 122 5.2 13.8 1.2 298
fluoro- 6.5 12.0 1.3
methane

r-omod'- CBr72 1201 3.8 6.6 0.41 85a
flum~mthane 5.0 5.1 0.43

Erlotri- c~ry, 1301 3.5 5.8 0.22 130a
flu raethane 4.7 3.1 0.26

Sulfurhexa- U'6  5.7 21.3 2.0 16

fluoride

Carbon Co2  .. 12.2 11.6 2A 14a,
dode 12.8 11.8 2.5

Carbantetra- CF7, 14 9.1 15.7 2.3 23
fluc-ri.e

Cblorotri- 0M173 1 5.6 6.5 0.60 74
fluorM4ethAne

(a) Average of two dutematnUns.
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Table T presents flambility peaks far owivolme
binary mixtures of Librammethan and selected. agnts, the fla-
mability peak of the farmer being 5.2 percent. The caloulated
flamability peak of the mixture is an avea of the observed
flrmability peaks of the respective aaents.

Table VI pre"ents the effects of varios binary mix-
tures of agents In sUpressing the flmobility of fixed eancentra-
tions of o-pgatane fuel (2.5, 4.0 and 6.0 percent by valme). In
obtaining the data, the propartioa of the aents in the binary mix-
ture were varied far a given fuel cancentration. The percentages
of aents in the binary mixtures are on a valume basis.

Table V. Effect of fttivolume Mixture of Dibrl othaue
and Selected Agents an the Fla•ability of Air

and N-heptane

Concentration at
Selected Chemical Isbn Flsnbility Peaks Effect
Agent Forla No.Nb

Obs. obs. a.

Tribromo- CBrr U103 4.3 5.3 4.8 Antienergistic
flucro-
methane

Perfluoro- C6Tiuc27T5  KP(E) 6.8 5.14 6.0 Synergistic
ethylcylo-
hexane

Ethyl bromide CH3 C%]Br 2001 6.2 5.7 5.7 Asynergistic

Carbon tetra- CC1 4  1o4 11.5 7.2 8o. Synergistic
chloride

Chloroform CHCU3  103 17.5 9.3 Ui.4 Synergistic

d. Study of the Effects of Various Combustibles at MRF.
In the tests of flae inhibition, n-heptane was selected. as the con-
bustible, since it is a typical straight chain hydrocarbon and
possesses sufficient volatility. To demonstrate, from the stan-
point of cmbustible material, the significance of the tests with
n-heptane, a study was made to determine if the relative effective-
ness of an agent varied appreciably when applied to different con-
bustibles. The study was carried out by deteramIng the flammabil-
ity peaks of various agents in the owbmstible vapors of acetone,

4c



Table VI. Effoot of Binary Mixtures of Halogen Ccmpomds on
the Fimability of Air and N-pentamu, at Belooted

N-pont'm Conoentrationa

Awts In stI at inmeat omoseatiam of Aent
31=7 Mixtr. Total 2s In tI 3WO MNXZt

2.5 At o=emtaa taom of W6 above 0%,
mynargtia~j at other oweentratlaw,

ibthy1 bramdde and antisagn1tlo
sulfur h Iarflw idA. 4.0 ]kt. re r w4p synergisti

(6.0 hItre ra ngseGies at1O

(2.5 htfr. rangp antlamoglstic
Ibt, b7 bromide and 4.0 Zktirs ruap syniargtio
perfiumrobutano

6.0 itfro ranp slrMVIstio

Ibthyl braiie an 2.5 hltf.e ruane amtlumarglatlc

ethlbromide { 2.5 At conetrationsf at 0apabove 6•%,
ynerg•atio; at other 5 entratione,

lbthyl Iodide and antlem7rgi•tlo

ethyl bir de 4.O Entir. ramn •synergistlo

6.o ktira, .range synwgLstto2.5 1ht1r* range snergistic

Diobloraimethomn and 4.0 Mbtirs raIng ' war'to
ethyl bromide

6, ~.i0 Entire rungs sjneru~ritlo
6aO ]kitre rang. synergistic

2.5 At oonoentrationu of C013L above 55%,
snergistlo; at other oonoentraticon,

antiensrgitic

Chlc-otriflua'metha 4t.0 At ooncentrations or 0M1Y above kO%,
and ethyl bromide synergistic; at other ooo•;egat•rtns

antean-rgistlo

6.0 At ooncentrationa of 0ci05 above 75%,
asynerglstlo; at other Oaoentrationm,
antieneargitio

2.5 At ooncentratlons of 0C14 from 0 to

Santieeargistlo; above 36%,
synargistlo

Carbon tetrachl.orid
and triohbloethylene 4.0 At concentations of Cl4 frm 0 to

36% synergistic; frowt 36% to 70%,
antlionrglstio

6.0 At concentrations of 0!Mfrom 0 to
36%, synerg•stio; from . to 70%,
antlenergiLtlc
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benzene, dietbyl ether, ethyl acetate, ethyl alcohol, and Isopen-
taum.

STho flaobility peaks of selected agnts in vari-
oua caibwtible solvents are shmm in Table VII, expressed as
volume peroqet of the inhibiting agnt at the maxima of the flm-.
mability avrvs.

eo. 8I of the feot of T atre end Presgure at
W. The bulkI

ro t etre; however, ainemes agoet was "euire" which vould be
effective over a wide temperature ramp, a series of tests were made
to determine the fleabilit Peak at -78 c, 27 Cq and lI5 C (-lo8 F,
817', and 2953 1 respeotiveWj) so that ai te eture effect might
be noted. The procedures and apparatus employed are deusribed in
Appendix D, khIbit 3. These atares were selected for experi-
mental convenience, and isobutane was selected as the oabutible,
since it possessed better volatility at reduced t•emeratres than
n-heptane. The oocrdinates of the flability peaks are presented
in Table VIII, and the curves in Appendix DO Exhibit 4.

Mw flannable areas at -78 C were quite irregular.
Chlorotrifluoramethane (halon 131) showed divided areas and the
other compounds showed sharp indentations in the fla le areas
(see Appendix D, Exhibit 4). The data concerning pressure are at
present incoumplete.

Originally a copper combustion tube had been co.-
structed for the PRM stuUes at reduced teoperatures. A part was
constructed at the top of the tube so that the flame would not be
visible imless it traveled all the way up the tube, the apparatus
being otherwise similar in dssIm and dWmnsions to the glass set-
up. used for flanbility determinations at normal temperature.
When mixtares of n-heptane and air were evaluated in the copper
tube it was found that the limits of flammability corresponded
very closely to those found using glass tubes. Howevere, when
methyl bromide was added to the mixture, the peak in the flammabil-
ity curve was found at about 1.5 peroent agent, as cumpared to 9.7
percent in glass tubes, indicating that the presence of copper en-
hnced the action of methyl brcside.

8. .Laboratr. Investigation of Corrosion at PIW. Since the
agent would be subject to storage under any climatic conditions for
long periods of time in a metal container, stability to metals was
chosen as a means of classifying the materials. Preliminary studies
at MP showed that the ccmpounds being evaluated were, in general,
stable to powdered alumnnim at reflux temperatures. Accordingly,
a series of experiments were condscted in which the test ocmpounds
were heated in ccotact with strips of metal at 392 F (200 C)O In

336
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Ta•l TII. Mfeot ofr Varlanw Ocostiblesan Flammability
of XiIxm- of b'lopm, Cnwxnw4 Air, and Pm]l

Oc"uIit- chi.caJ, MY OkW• U 8,6 C74

1301) 1002) 2001) 1001) -- ) 11)

1-bpptan. 07.l,6 6a, 5.2 6.2 9.7 20-.5 26

lnopentane c 2 6.3 6.8 6.3 8.4 19.8 2o.4

Benzene C6 6  4.3 7.3 8.2 8.4 18.3 23.6

Ktbyl CA0I 3.7 5.7 5.2 6.e 10.6 19.8
alcohol

Die•hyl (CY ) 2 0 6.3 7.7 7.3 7.2 21.8 22.1
6 ther

Aeto•e (C13)2CO 5.3 5.T 5.8 7.3 .16.4 18.7

Itbyl c~c02 31 4.6 4.3 6.3 6.8 17.5 2l.1.
a letate

Table TVIl. Effect of Texperature an the Flammability
Peak of Halouen Cmrpolind with Isobatane

00.o) sd A•r

CMozenMra•• at %eRE Flaability
(% by Vol.)

at -V8 C at *27 C t41!0
Agent Farmala HOM Aet 41 pt 410 Agn 4I

No.

Bromotriflcuro- C0rF3 1301 3.25 4.5 4.7 4.6 7.3 4.0

methane

Methyl bruid-e C03Ar 1001 3.75 3.5 6.75 4.o 8.3 4.0

Chlorotriflvro- CCj13 131 8.25 a 3.5 10.75 4.25 12.8 4i.0
methane

Sulfur hex,- Sr6 -- 12.75 5.0 15.75 5.0 17 5.5
fluride

Carbon tetra- CF4 14 18.25 5.0 23.75 4.0 21.4l 3.5
fluoride

lDivide•, flnable area noted,, lower peak at 2.0
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general, only the materials boiling above about 50 C were used in
this atUy ard. these peounds were chosen to ahew the effects, if
any, of structural relatitaships on instability. The qlperatum and
procedures used in this test we deseribe& in Appndix D, Izbibit 5.

The data of the orrcosion tests are amiarized in Table IX.
The oolpowuda have been divided into four groups, accordlng to the
weight change in the metal. The results sbow that the eapcwiAW are
less stable toward aluimm thau to either brass, copper, iron r
magnesimi6 but that there appears to be no significant dIffar e
between the stability of these campounds to brass and opr. dow-
plete repcrts of ocrrosion tests are foud. in Appendix 1X Rxhibit 6.

9. Bleotrical Cundactivity Tosta at PPF. One of the military
requirements of the new type agent is that it be suitable for applio-
cation to Class C fires; that is, it must be essentially a noncon-
ductor of electricity. In view of this, the P Undertook appropri-
ate resistivity measurements. A Westlnghouse power factor cell and
General Radio megaim bridge, Type 544-B, were used in determining
the volume resistivities of various fluorocarbons as listed below:

Cegaand Resistivity

(O0hm-cmj

Perfluoramethyloyclohexane 4 x I014

Perflucroetbylcyclohexane 1 x l0ol

Perfluoroindane 2 x 10'

Perflnoro-n-heptane 2 x 1012

Perfluaronaphtha3ane 4 x 1013

These results indicated that the canpounds are, for practical pur-
poses, noncondnctors. Data on the bromofluorooarbons are at present
incompleteo

10o Laboratory Investigatian of Toxicity. An investigation of
toxicity was started at the Ary Chemical Center (1) to determine
the appromimate lethal concentrations of selected new agents and of
such agents as chlarobromfoethane (halon i011) and carbon tetra-
chloride (balon 101); (2) to conduct a thorough study of the long-
term physiological effects of the finally selected agent or agents;
and (3) to conduct toxicity tests in the presence of flame to deter-
mine the physiological effects of the selected agents under simulated
conditions of application. The detailed planning of this program has
been conducted in cooperation with both the *kry Industrial Wygiene
Laboratory and the Medical Division of the Army Chemical Center.

33/



Tale, HX. 8tAbiitq o Ibat mm. C=Waft after 30-&W
OCqtst with lbtals a4 9M 7 =A M 7

L F. ) C') ,) .,) .,) (M ) (.,) M L) -M L,)

c7PB1 6  00. A .... A *.. A ... ... A(*)C7• B ... A *.. A A . .. ...... A(a)
C6 Ij•1C 3  3 ... A ... A ... A ... ... A(a)

1,3-G6Fl0(CV3)2 B ... A .. A ... A .. .. A(a)

1,lVC 61 l 0 (MF3 )2  B ... A ... A ... A ..A ... A(a)

Ci0Y18  D ... s.. g.. A ... A ... ... A(a)
CClgFCCj. 2  A ... ... ... C s.. A ... ... S(b)

aBrF2CBrI 2  D A ... A C A A A ...

CF2IC2I . 0. C(b) ... B )... ..... .8 (b) ... ...

CCI• B C ... B D B B B ... ...

la~lhd~rocarbono

CF 3 CIVH2CBr A ... . .... s B a a .e. . .. .

"C-3CBAraE D A B A C A B A ... ...

Cu0sC 2Cx 2 • .or A(0) ... A(c) ... ... 3(c) ... B(c)

Cx 2 BrCJI C a ... A C B C B ... B

CR2BrC2. C ... .a. a D ... B ... *... ...

CBr2  C *..... ... G ... CD **- . 0. 0

CH2C12  B ... ...so* so* ... D 0*... *. 0.00

CHCkBT "'" C(C) ."..I B(d) ... ... ... C(d) ... ()

CH3CH2I 0.. C(d) ... B(d) ... ... ... c(d) ... B(W)

Code: A - Weight obsup less tham 0.O3.g., Notes: (a) contact tim
B - Weight hane between 0.01 &ad O.lg 27 daye
C - Weight change greater than O.lg (b) contact time
D - Ccupletely camedn •i) days
(Original weight of all e1mples vari±ed (c) contact time
from 1.2 to 3.5 g, depending on the 32 "
metal used.) (a) contact time

11-15 da•j
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To date only screening tests have been conducted at the
Army Chemical Center. The method used for these tests was adapted
from the procedure used by Deichuan and Wergard in their study of
approximate lethal doses (ALD) of various compounds. In 'he tests,
white rat specimens were exposed to various vapor concentrations of
the agent for a period of fifteen minutes in order to determine the
approximate lethal concentration (ALO) of the agent.3 (For a de-
scription of the procedure used to bracket the ALC see Appendix D,
khibit 7.)

The toxicity of the natural vapors and of the pyrolized
vapors of the same agents are presented in Table X. The specimens
were observed for 14 days after the 15-minute exposure, and the
toxicities recorded are based on mortalities occurring in the 14-
day period. In the tests with pyrolized vapors the vapors were
passed with air through an iron pipe heated to Ao0 C, and sub-
sequently cooled to room temperature. This test was conducted to
obtain preliminary indications of the toxic effect of the agents
when applied to fires with hot metal (iron) surfaces involved.
Except for the use of the hot iron tube the same procedures were
used to obtain these data as were used to screen the direct
toxicities.

11. Practical Fire Tests. In order to verify the findings
of the laboratory studies., and to make a final screening of the
compounds displaying superior fire extinguishing effectiveness,
practical tests were conducted on Class A and Class B fires with
the following agents:

Mrfureat n 0 No.,

Bromotrifluoromethane 1301

Dibromodifluoromethane 1202

Dibromotetrafluoroethane 2402

Perfluorometbylicylohexane Gff(M)

Methyl bromide 1001

Carbon tetrachloride 104

Carbon dioxide

Methyl iodide 10001

Ohlorobromomethane 1011

3. The WL is used to indicat •the toxicity of the agent when it
is inhaled. The term is analogous to ALD, which indicates the
toxicity of the agent when it is administered orally or sub-
cutaneously, and is derived in the same manner.
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The first two compounds listed., bramotrifluoromethane and d&ibramodi-
fluoromethane, were selected because the laboratory studies ind1icat-
ed that the most effective and stable agent would be a bromofluoro-
oarbon having a single carbon atam and at least two fluorine atoms
per molecule. The second two compounds represent intermediate de-
grees of effectiveness among new agents studied in the laboratory
at the MRF, whJie the remaining chemicals either represent exist-
ing standards or have been proposed in the past as fire extinguish-
ing agents, and have been tested in the studies conducted at the
PRF.

Standard Underwriters' Laboratories tests were modified to
accommodate 2-pound test samples, 2-foot tub fires being used for
the CMass B tests and 2- by 2-, 2- by 3-, and 2- by 4-foot cotton
waste fire tests for the Class C tests. The procedures for the in-
dividual tests are found in Appendix D, Exhibit 8.

in conducting the fire tests it was desired to obtain com-
parable data on liquid and gaseous agents applied under nitrogen
pressure. The pressures used were 800 psi (roughly equivalent to
the vapor pressure of CO2 at room temperature), and 400 psi (an inter-
mediate pressure sufficient to insure discharge at -65 F). At these
pressures the agent was discharged as a light mist. For discharging
the various agents a Randolph Laboratories st.n !.rd 24-pound 002 ex-
tinguisher was selected because of its simplicity of operation,
moderate capacity, and dependability. The human element introduced
by the manual attack on the fires combined with such uncontrolled
variables as air turbulence to cause deviations from one individual
test to another. For most agents as a compr-omise between a number
which would give precise. statlstically reproducible results, and the
quantity of the new agents available, 10 tests were made and the re-
sults were averaged. The time of extinguishment reported gives an
indication oniy of the rate of discharge, and in the times reported
there may be varytng oonsistant ezrors, depending on the individual
operator, from one series of tests to another.

The results of the engineering tests are presented in
Table XI, in which are tabulated, in addition to the comparative
weights of the agents used. to extinguish the standard fires, the
percent effectiveness of the various agents, based on an -assumed
value of 100 for methyl bromide. The percent effectiveness (E)
was calculated by the following formula:

% : 100
Wa

where Wm the weight of methyl bromide used in the standard
test.

Wa the weight of agent used in the standard test.
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12. Low Temperature Tests at EMDL. A series of tests designed

to duplicate as nearly as possible arctio environment, was under-
taken in the ERDL Cold Chamber .at temperatures ranging from -55 to
-65 F to determine if the otherwise qualified agents were suitable
for use under arctic conditions.

To conduct the tests a special assembly was designed, and
was constructed in the ERDL Shops. The assembly was semi-automatical-
ly and remotely controlled, the actuation of the extinguisher being
mechanical, so that the human element in the extinguishment of the
test fires was eliminated. The description of the apparatus and the
test procedures are contained in Appendix D, Exhibit 10.

During the actual fires the exhaust fan and the precooler
system of the cold chamber were operated to insure adequate ventila-
tion of the Chamber. However, the admission of large quantities of
air, not completely chilled to -65 F, at essentially 100 percent
humidity caused icing in the primary cooling coils of the chamber,
which in turn made it impossible to maintain -65 F, without long
intervals between tests, therefore, a temperature ranging from -55
to -65 F was maintained.

A summary of the test data is presented in Table XII. In
this table the average weights and times required for extinguishing
the pan fires with the respective agents are reported. These aver-
ages do not include tests in which no extinguishment occurred, or
in which definite malfunctioning of the test apparatus was noted.
Comparison of the number of valid tests with the number of ex-
tinguishments for each agent provides an indication of the reli-
ability of the agents.

III. DISCUSSION

13. General. The initial goals of the laboratory study were
to obtain and evaluate a substantial number of compounds, to deter-
mine the best of the group with respect to fire suppression, and to
determine whether the data on the entire group could be correlated
on some basis that would indicate the type of compound that could be
expected to possess superior fire inhibiting properties. Thede goals
have been largely accomplished. At present, laboratory work is pri-
marily concerned with establishing the mechanisms responsible for the
flame suppressing activity of halogenated agents. The information
sought in this study is believed to be the key to the currently un-
explained results.

In addition to the study of the extinguishment mechanism
(which includes the correlation of physical properties and constants,
and the determination of thermal decomposition products with and
without fuels and oxygen present), additional tests of compounds

33f



Table XIn. 8 3f orJlta of LW To=p NA Temst

rVg. AvgI. WE.
Izt. Agent 3b.

Agent wem Time to Wt. Talid. 0o. Tep. Range
No. 485 (Os) Camt k. ( . 30

_mat ( lm&Witim (i0 :

Itbhyl Urcaid 1001 7.6 33.5 12 6 -56 to -6k

maramoirfumuo- 1202 6.6 24.5 11 11 -55 to-65
methan

Brzomofrifim- 1301 3.0 21.0 16 1i -50 to -60
methane

Dib•rmotetra- 240 5.5 24.0 10 3 -51 to -58
flimotkoae

lithyl brzomideb 1001 3.5 27.o 3 1 -56 to -57

Di• dl o- 1202 4.o 26.o 1 1 -59 to -6o
metbaneb

Dibromotetra- 24M0 3.0 22.5 1 1 -54 to -55
fluoroethaneb

(a) kti9isher cylindars were pressErized to the indicated pres-
sure at 70 with 1[2.

(b) Agents naturally liqnid at roaM taaperatrej c m0ercial carbon
tetrachloride nozzle nsed for application.

containing elements other than carbon, hYdrogen and the halogens will
be made to verify some of the tentatiTe conclusions. At the termina-
tion of these laboratory studies, sufficient knowledge should be
attained so that any trial and error investigation of halomenated or
vaporizing type extinguishing agents rin be unnecessary.

The theoretical sigmifioanoe of the laboratory data and
its relation to the selection of an agent for service test are dis-
cussed in subsequent paragraphs.

14. Correlation and inagis of laboratM XxtM hxent Data.
A study of the results of the P e and MM investigations, and
their correlation with those obtained elsewhere, reveals that certain
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exti•gashing agnta are more effective than others u=der all can-
ditiona tested.

a. Correlation of Data. The laboratory n-heptane fire
tosts were rui in te Materials L anch to determine the relative
effectiveaess of selected agents whioh had been tested at Pardue.
The plot of data in Fig. 2, a comparison on the baqis of weight,
indicates that a direct relationship exists between the two sets
of data. Thus, it appears that the flame inhibiting effect of an
agent is a measure of its general fire fighting effectiveness.

As a further check on the results of the flame ex-
tinction and inhibition tests on fire fighting agents, a compari-
son, on the weight basis, was msad with test data from outside
sources. These include tests performed by the CA Experiment
Station, the Minnesota Mining and Manufacturing Company, and by
two British agencies. The data from these sources are contained
in Appendix 3, Exhibits I through 3, respectively, and are su-
marized in Table XIII, from which it can be seen that while
metbyl iodide does not perform as well in some actual tests as
predicted., the relationship between methyl bromide and carbon
tetrachloride is fairly oonsistant regardless of the source of
data.

Table XIII. Comparison of 3xtinguaisment
Data from Various Sources

% Effectiveness on Weight Beisa
Pyree Burgoyne

Agent Halon Co., and
No. Ltd. Pichardsond CAU RIF R46

Methyl bromide 1001 100 100 100 100 ...

Methyl iodide 10001 68 ... 67 106 95

Carbon tetra- 1014 58 47 42 52 57
chloride

Carbon dioxide ... 5... .5 1 7 b 71 710

(a) Methyl bromide set at 100%
(b) See Appendix I, XKhibit 1
(c) See Appendix 3, Exhibit 2
(.) See Appendix I, Exhibit 3

333-"
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b. Binar Mixtures. Tu the Investigation of binary
mixtures, it wa originally assued that the resu.ting flamability
peak could be determined by addin the mole fraction times the
flammability peak of the first agent to the product of the sane
properties of the second agent. However, the validity of this as-
sumption was not borne out by a comparison of the observed results
with those calculated (see Table iIv). In this respect it is in-
teresting to apply the LeChatelier reciprocal molar additivity rule1

for predicting the lower flammable limits of mixtures of two cam-
bustibles. If such a relationship is applied to the data of Table VY
the following formula Vy be used:

Pm2

Pa

where:

PM a calculated flammability peak of the equivolume
mixture by the above method,

Pa = the flamability peak of component A,

Pb a the flammability peak of component B.

If a direct relationship is assumed, the following equation is used as
indicated in Table V:

Pat b
PC = a+P

2

where:

Pc: calculated flamnability peak in the above equation,
Pa end Pb are as indicated previously.

4. The rule is given by Hf LeChatlier (Estimation of Fire Damp
by Flammability Limits, Ann. _Mines, Vol. 19, Ser. 8, (1891)
PP. 388-395), and may be written:

a b
La Lb

where:

Lm a lower limit of flammability of a mixture in volume
percent,

La = lower limit of flammability of component A in volume
percent,

Lb -_ lower limit of flammability of component B in volume
percent,

Fa x mole fraction of component A in the fuels, and

Fb a mole fraction of comrponent B in the fuels.
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Talet- 10V. Pu 1.5tam 7. 8.t atO 1MM.
Agent ftqR Puk r5X7

Tr 1103 4-.' ,.3 . T 8.ti
metbane

Porfxuaroetoyl- (P(E) 6.8 5.4i 6.0 5. 6Lyraergi5tia

(b) l bromid n 2001 6-. 5.7 5.7 5.T af rae tist

CarbAn tetra- 10k 11.5 7.2 8.4ia ?t.2eI
chloride

Cblarnftr 103 17.-5 9.3 11.4 8.0?

(a) The dibr auetthb e =I selected agento were in each "awe an
eqtivole e mixtare. (Flteability peak of a bn'cstrhand 5.n2%

(b) Po0 i experiusutallY o~erved flaxnablility peak far the mixtur.

A~lthough the reciiprocal molar additivity rule ajypearx
to conform to these data Uetter the the direct helar average valuwn
(P3 vs Pc),q the small1 nmbw of Instances do not definitely indicate
the sxperioritqy of either method.

Since the tesat revealed no significant increase in
effectiveness as a result of the use of a binary mixture and in
view of the limitations of the pxroject,, no further work L;a beau mu-.
dertaken an the subject of mlixtures.

c. Use of Variows Fels. Tests of selected aents in
inhibiting f1~ lam Mlwariouxfuls iau1 ated that their relative
effectiveneas did not vary appreclibl, with a variatip of the fuel.
Nwaeve, sone Taelation mas noted betseen the beat of ocwbutian
of the fuel and the mean of the flammbility peeks of the agoent
calculated by the reciprocal method. That is,

I 1p- n .

Fa 'Yb +seFn
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n being the mvber of reciprocal f absility peaks in the sa-
tion. Fig. 3 Indicates that in most oases the highest flamability
peaks are obtaine& with fuels having high heats of acmbustion, these
being present in a - vapor mixture of fuel, air, and agent.
bImmera, In the prantical fire fihting tests of Burgoyne and
Richardson (see Appendix 2 khibit 3), it was found that vhn om-
bustion was supported by the vaporizing fuel, a hiab concentra-
tion of agent was required to etingish ethanol fires than was re-
quired to extinguish benzene fires. Tbus, it appears that fators
other than the heat of cabustion must be considered in cooparing
the data from these two sources. Among these are the volatility of
the combustible and its rate of diffu ion.

4. Variatio in Temperature. It is seen from Table TM
that the order of effectivenses of the halogen compounds tested are
the awe for the range of temperatures studied, i.e., -78 0 to -1i5 C
(-I08 . to -293 7). This fact is of practical inportance, but the
irregularities of the flaýable areas for the reduced teaperature
(see Appendix D, Exhibit 4) have no apparent explanation at present.

As more is learned about the flme extinguishing mehanIaim of the
various agents, further analysis of these data will be undertaken.

e. Iffeot of Combustion Tube. The results of the fir-
iability determination with =ethyl brW ldo, indicating a lower flam-
mability peak in copper vessels, are with precedent, since in ex-
periments with mixtures of hydrogen and oxygen in silver vgssels
the reaction rate of the gases was significantly retard•ed. It was
hypothesized that the presence of silver in vapor farm interfered
with flame propagation by blocking hydrogen radicals. The pre-
sence of silver vapor was attributed to the action of hydrogen
radicals at the vessel surface. It seems possible that the same
mechanism could act in a copper vessel. The PR? has made no
further experimental investigations of this phenomenon since it
would have entailed the use of additional and diversified equip-
ment, whereas other investigations were more pertinent to the
immediate problem of explaining the mechanisms of the individUal
agents.

15. Effect of Molecular Structure on kxtinguishment. In
this theoretical a"alysis of data,- certain correlations are ap-
parent when the reciprocals of the flamability peaks are examin-
ed or manipulated. This appears logical, since the agent blocks
or inhibits flame propagation which would othervise occur. The
reciprocal of the flammability peak is a direct function of the
ability of an agent to inhibit a flame, whereas the flammability
peak is an inverse function of the same action. By considering
the flammability peaks of the various agent-fuel mixtures as the

5. B. Levis and G. V(C idlbe, C ombustioni t Fla esank losi, s
of Gases. (Cambridge: Cambridge Univers ity Press,, 1936).

'73?
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nesmue of frime Ocondmtivity" and the reoieprouo of the flamabil-
ity peaks as a measxm of flame resaistivitym the frallwvig qprzi-
mate atom'o 1wistivities vere dadiced. after several trial and error
calculations.u

Fluorine 1

Chlorine 2

Bromine 10

Iodine 16

Fran these atomic resistivities the fla 'bility peak of
the various halooarbma may be estimated by means of the following
famnla"

1•a = 100U- Ra

where:

E Ra = A:Rf÷Rc b÷I•I = molar resistivity,

Rf, RON Rb and RI being the atomic resistivitr, and A, B, C, and
D being the number of fluorine, chlorine, bromine, or iodine atc=s
in the respective agents. These resistivities are approxiUate,
since any more exact determination would have been mare laborious
than warranted until the full signifioance of these data is aaeor-
tained.7

6. The Purdue data were e"xmin d to determine if the flamability
peaks could be correlated in any way with the chemical structure.
In one investigation the reciprocals of the flammability peaks
were calculated. On examination of the reciprocals, an apparent
additive effect of the various halogens of the halocarbons was
noted. The term resistivity is used to indicate a measure of
the resistance to flame propagation.

7. It is of further interest to note that the atumic resistivity
rule is of the sa form as the LeChatelier rule (see par. 1).),
i.e., if FPsa = 00a , ' then a "reciprocal conductivity"

*'g + W, etc.10
can be used in place of the resistivity so that: FPa i00

which is of the same form as 1

F a
Pa Pb
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Ant of the fJ..ebilitU peaks tibm obtalued as can be
seen frcm Table XV, oorrespond to the obsarved vasls. Where larap
deviations ocow,, it is p•aslble that they ere the reult of vrea-
tions in the Ugohaniaa of extinsximb t. There is also an indioa-
tion that non-s7eftriaal oacpow2ds deviate in a positive aManer (L.e.J
better than predicted by atomic resistivities) froa the apprz•lmat.I
perfnmuane iii inhibiting lme propagation. Calclated and observ-
ed flaability peaks are cited partiow.lar]• far the following:

AMU~t Ma"lan No.

2-brco-lz,l, l-triflumropropans 3301B

3-bramo-l, 1, 1-trifluaropropane 3301C

krcuotrifluoromethana 1301

l-brcuo-2J 2-difluoroprOpane 3201

2-bramo-l- ohloaro-1 1-difluoropropane 3211B

2-bramo-l, 1,1-tr ifluoroethane 2301

The weight effectiveness of a halogenated, agent may also
be estimated,, on the basis of methyl bromide as 100 percent, as
being

k950ERa
M

where:

-Ra is as above

X x molecular weight of the agent

930 2100 x ( molecular weight of methyl buromi.e
Rb

This estimated effectiveness corresponds in the instances
where the calculated. and observed flammability peaks are in agree-
ment.

Thus, the estimated effectiveness of trichloromethaue
(chlorofarm) is

5o x 61950 a 6 8 percent (observed i•4 percent),
119.5

and that of carbon tetrachloride is

950x 8"1"- I•9 percent (observed. =52 percent).
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Table IV. Fllimability Resistivity Analysis of Purd~ue Data

of Observed Caalated, Obseved

330e 22 23.8 41.5 11.2
1 2-dI~wD-1,1.d41zfroeths 2202A 22 23-1 11.3 11.3
grI1U~euf m~inte 1103 31 23.2 3.2 3
11,2-4Iaom-2-.ah orotr.f1 -oet%,n 2312 25 22.6 41.0 11.6
2-brom-1,,l-tr1fluoroprapn.. 3301B 13 20.11 7.7 1.9

1 '2-d.iiaodtebtrflum thow 21100 36 20.0 2.8 .
DI rthen. 1002 20 19.2 5.0 5.2
Iodopmntanvaroetlane 25001 21 19 11.8 5.3
3-brm-1,l1-trifluoraoproene 3301A 13 18.5 7.7 5.11
Ithl ±oaj4e 20001 16 17.8 6.25.

Bapetfurebn,2501 15 16.3 6.6 6.1
Methyl iodid 10001 16 16.3 6.2 6.1
Bromotrifluaomethst 1301 13 16.3 7.76.
Etbyl broide 20(4 10 16.2 10 6.2
l1tben-2,2-Ltfluarvpropw 520D 3.2 13.9 8.3 6.3
2-brom-1-obloro-1,1-&ifluo vroj apane 3223B 11 15.6 7.1. 6.11
Dibramoflunomethans U02 21 15.6 11.8 6.11
2-bran-.1,1,1-trifluoroethane 2301 13 111.7 7.7 6.8
Portluoro (eth~yloyolohuan.e) NP(Z) 3.6 111.7 6.2 6.8
Perfluaoro (l,3-&iastbyloyolohezazi) MNP(O) 16 111.7 6.2 6.8
Perfluoro(1,11-dimthyloyolohexan) 34P(h1) .16 111.T 6.2 6.8
Iodotrif~voromethans 13001 19 111.7 5.3 6.8
1-bram-2-ohloroethane 2011B 12 13.9 8.3 7.2
2-breo-l-obloro-1,l1-difluoroetbane 2211 111 13.3 7.1 7.2
PerflUo~ro(metbyloyclohexans) CUM4 111 13.3 7.1 7.5
Perfluoroheptane GP 16 13.3 6.2 7.5
ChlorobromoethAn. 1011 12 13.1. 8.3 7.6
Braioditluoramethane 1201 12 11.9 8.3 8.11
1,2,2-trichlorotrifluaroothane 233 9 11.1 11.1 9.0
ffyd'ogen bromide . 1.0 10.7 10 9.3
Br~obocorodifluoramethane Ii1 111 10.7 7.2 9.3
Metbyl bromide 1001 10 10.3 10 9.7
Difluoroylnyl bromidie . 12 10.3 8.3 9.7
Perfiucrobutane DJ 10 10.2 10 9.8
Silicon tetrachloride . 8 10.1 12.5 9.9
1,2-dichlorotetrafluoroethana 2112 a 9.11 12.5 10.8
Carbon tetrachloride 1011 8 8.7 12.5 11.5
2-ohloro-1,1,1-trirluaropropane 331B 5 8.3 2D 12.0
3-,OIlor0-1),1,1-triflucoropropan. 331A 5 8.2 20 12.2
Chlorotrifluoromthane 131 5 8.1 20 12.3

eRTAfluoroethane 26 6 7.5 16.8 13.11
Diohlarodifluorawthans 122 6 6.7 16.8 141.9
Chloroform 103 6 5.7 18.8 17.5
Flucroform. 13 3 5.6 33.3 17.8
Cblorodifluaramethane 121 1k 5.6 25 17.9
Oota~f uor-ocyolobatane 118 (c) 8 5.5 12.5 18.1
Sulfur hexAflIncride . 6 11.9 16.8 20.5
Boron trifluorido e 3 5.0 33 20.5
Phosphorus trioblaride ... 6 11.5 16.7 22.5
Wdrogen chloride . 2 3.9 50 25.5
Carbon tetrafluaride, 11 3.8 25 26



Although at present no definite explanation can be made
of the theoretical significance of the atomic resistivities, Table
XrI offers a possible lead for further correlation of the flme
extinguishing properties of the various halogens when additional
basic physical data are available.

The specific resistivities shown in Table XVI indicate
that there is no practical advantage in iodine over bromine, on the
direct weight basis as a component of a fire extinguishing agent.

Table XVI. Physical Characteristics of Halogens

Characteristic Fluorine Chlorine Bromine Iodine

Atomic weight 19 35.5 80 127

Atomic resistivity 1 2 10 16

Specific resistivity 0.059a 0 . 0 5 7a 0.125a 0.126a

Atomic number 9 17 35 53

Atomic number ratio lb .9 b 10 1.5c

Electrons in shells 2,7 2,8,7 2,8,18,7 2,8,18,18,7

Boil point liquid(K) 86d 239d 3 3 2 d 456d

Liquid density at B.P. 1 .11d 1 . 5 5 7 d 2 . 98 d 4.0d

(gm-cm 53)

(Liquid density at B.P.)2 1.21 2.42 8.9 16

(a) Specific resistivity atomic resistivity
atc'xic weight

(b) Ratio based on atomic number of fluorine
(c) Ratio based on atomic number of bromine
(d) International Critical Tables, McGraw Hill (1926)

16. Effects of Application Rate, Molecular Weight, and Tempera-
ture on Extinguiehment. While the practical fire tests in general
confirmed the results obtained in the laboratory, certain differences
appeared to result from the rate of application and the molecular
weight (vapor density) of the agent.

The discharge rate is, at a given application pressure, a
function both of the relative volatility and of the molecular weight.



It Vas noted that the effectiveness of both methyl 1•MIde and
ibromadiflorometbne increased with a redzction of charge pressure

from 800 to 400 paig. This effect is similar to that noted 1in the
cOmparison of the Civil Aeronautics Authority data with thome of the
PRF (Appendix X, Exhibit 1). These tests and the evaluation of
various orifice sizes with dibroowdiflarcrmethae (see Appemdix D,
Exhibit 9) suggests that the optimm application rate for a given
type of fire varies with the partimlar agent. Also, dilwrmodi-
fluarcmethane was most effective on the Class B 2-foot tab fit:,
whereas bromotrifluaomethane was most effective on the Class 0
fire. This suggests that the optimm application rate may also
vary from one type of fire to another.

Since the bramofluarocarbans used were produoed on a
laboratory scale, there was not a sufficient quantity available
for the extensive program required for a comprehensive study of
the optlimm discharge rate for the finally selected agent. This
study will be conducted as soon as the agent becomes available on
a conmercial basis. With respect to the influence of molecular
weight on the performance of an agent in actual fire tests, it is
possible to propose two hypotheses: (1) a compound of molecular
weight several times that of air should persist in the area of
application longer than would a compound of essentially the same
densit 7 as air (such as 002), thus tending to prevent flashbacks;
(2) a less dense compound will be able to displace more air from
a burning surface per unit weight applied, and it will diffuse
more rapidly into the flame front. However, it appears from the
limited tests that molecular weight of the halogenated agents is of
less importance than the rate of application.

The Cold Chamber tests indicate that the application of
dibromodifluaromethane either as a mist or as a straight stream
from containers pressurized with nitrogen is both effective and
practical. They also indicate that the relative effectiveness of 8
the agents applied as a mist was as predicted by laboratory studies,
except that bromotrifluorometAhane, which is a gas at -65 F, is more
effective than dibromodifluormiethane

A comparison of methods of application ••der low tempera-
tare conditions (mist vs straight stream) and the relative effect-
iveness of the agents applied as straight streams is not possible
on the basis of the limited data obtained (only 4 tests of straight
stream application were made). It should be noted., however, that
the mist application caused only a slight fuel dilution, whereas
in the straight stream application the burning fuel was diluted
critically, thus effecting extinguialment (see Appendix D. kthibitV.

8. Less dibrcnotetrafluoromethane than dibrcmiodlfluoromethane (by
weight) was used in the extingaishments effected, but the former
failed in 7 out of 10 attempts.

0tO



17. PbYpical and Chemical Obaraeteristics af tes In ada-
tic 7 to .eas talsbIrg the OXtI rt obAwacteria ca of the varl-
our aSmts under test$ it was also necessary to detaine their
taxicity, their corrosiveness, and their electrical conductivity.

a. Toxicity. The toxicity data an the pyrolyzed vapors., dibromodifluoromethane, and 1,,2-1idibramotetra-

fluoroethane cannot be used. to demonotrate that Wny me of these om-
poauds is mare or less toxic than the other, but it does indicate
that the three agents have tomicities of the sem order of masnitude.
ýn the relative values of toxicities reported by the approximate
method, significant differences are indicated only when the toxic
concentration differi by factors of 2 ar mare.) The relative toxici-
tie indicated by the series of 15-minute exposures to the natural
vapors of the agents are essentially the same as those that would
be indicated by a series of 5- or 10-minute exposures to the same
agents. This is true because the mechanisms of toxicity are the
same for exposure periods ranging approximately from 5 minutes to
1 hour.

The pyrol.ysis test used was selected to give an
expedient indication of toxic products which might be formed when
applying the various agents to a fire. Since the vapors were
pyrolyzed in a completely oxidizing atmosphere the test may be
more severe than the conditions expected in most small fires. In
the final evaluation projected for bromotrifluorcmethane and di-
brcmodifluoramethane the toxic effect of the agents when applied
to actual fires will be determined.

The most striking anomally noted in the data col-
lected by the Chemical Center is the great reduction in the toxicity
of the methyl bromide vapors when pyrolyzed. This has been explain-
ed as resulting from the conversion of the methyl bromide to carbon
dioxide and hydrogen bromidel, both of which are considerably less
toxic than the original methyl bromide.

In the screening data it was shown that either
bramotrifluoromethane or dibromodifluoromethane will meet the
military requirements concerning toxicity. The greater toxicity
of the pyrolysis products of dibromodifluoromethaue over those of
methyl bromide is not a critical factor because in actual fires
the toxicity of carbon mmnoxide and other combustion products will
in most oases be greater than that of the pyrolysis products of
the agent. However, distinct advantage is seen in brcuofrifluoro-
methane over dibromodifluoromethane insofar as natural vapor and
pyrolyzed vapor toxioities are concerned.

It is seen that the more completely fluorinated
the halocarbon, the lover is its toxicity, as a general rule.
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b. Corrosion. As a class of seapovusd, the fluorocarbons
were the least Ocrrosive (most stable) of the ompamads Inve-tigaUt
and the annobaloalkauees the most corrosive (least stable), while the
halobydrocarbons containing halogen atoms an adjacent carbon atoms
were less stable than those containing halogen atom in the 1-3 posi-
tion. This is illustrated by the fact that 2-brcao-l, ll-trifluaro-
propane was less stable than 3-brcmo-l, l, l-trifluoaroropane. This
type of instability is to be expected, since dehalogenation, one of
the expected reactions between a metal and a halohydrocarbon, occurs
more readily when the halogen atoms are on adjacent carbon atows
than when there is a carbon atom between the two carbon atoms hold.-
Ing the halogen atom.s

That the halogen coupovnds proved to be less corro-
sive to the metals at 200 F than at 392 F was also to be expected,
since, in general, the rate of a reaction doubles each time the
temperature is increased by 1.8 degrees F. Specifically, far bromo-
trifluoromethane no measurable corrosive action was noted at 392 F,
and it seems probable that any compound shown to be reasonable
non-corrosive at 392 F or 200 F will meet the requirements for a
fire extinguishing fluid.

Since there have been no unexpected deviations in
the stability of the halogen-containing compo•nds, this phase of
the work was temporarily discontinued. At present further corro-
sion tests are underway with bromotrifluoromethane and dibromo-
&ifluoromethane.

co Electrical ConductiviMy, Certain fluorocarbons
have been found to be non-condnctors of electricity. Although
it is believed that the brcmofluorocarbons, which have essentially
the same structure. will also be non-conductive, the most effective
of these latter agents are currently being tested to determine
their electrical resistivity.

18. FKLndins. The following technical findings are indicated
by the laboratory and engineering fire tests of the agents under
study:

a. The flame inhibition method is a convenient means
for predicting the fire extinguishing characteristics of a vaporiz-
ing agent.

b. The indicated correlation of flame inhibiting pro-
perties of the agents with their chemical structures suggests the
existance of a theoretical explanation far the mechanisms by which
they extinguish fires.

3 I/



c. The halocarbons and halohydrocarbons of one or more
bromine atoms per carbon atom exhibit greater flame inhibiting
effectiveness on a weight basis than do the corresponding chlorides
and fluorides, while the corresponding iodides are no more than
equal to the bromides in this respect.

d. Binary mixtures of the agents tested exhibit no
significant increase in flame inhibiting effectiveness over that
of the individual agents concerned.

e. The flame inhibiting effectiveness of binary mixtures
(or multicomponent mixtures) can be roughly approximated but not
precisely predicted from the performance of the individual components.

f. The relative flame inhibiting effectiveness of any of
the agents investigated does not vary appreciably with variations in
the type of fuel (hydrocarbon or oxyhydrocarbon), or of the tempera-
ture of the atmosphere in which the flame is propagated.

g. In halocarbons of similar structure the greater the
relative number of fluorine atoms in the molecule, the less toxic
it will be.

19. Selection of an Agent for Service Test. Both the labora-
tory and the engineering test data (including the reduced temperature
tests) show that two compounds, bromotrifluoromethane and dibromodi-
fluoromethane, have been consistently more effective than methyl
bromide in extinguishing fires. Of the two agents under consideration,
dibromodifluoromethane was found to be the more effective by a narrow
margin at room temperature, all of the studies taken as a whole,
whereas bromotrifluoromethane was the more effective at -60 F.

The corrosive effects of bromotrifluoromethane appears to
be practically negligible for the common metals. In tests now in pro-
gress at the ERDL, or to be undertaken, the effect of this agent, and
of dibromodifluoromethane, both on metals and on other materials, is
being determined.

With respect to the toxicity of these two agents, the tests
with rats show bromotrifluoromethane to be 1/28 and dibromodifluoro-
methane to be 1/2 as toxic as carbon tetrachloride (methyl bromide
is 5 times as toxic as carbon tetrachloride). The large relative
difference is toxicity is taken as clear evidence of the superiority
of bromotrifluoromethane over dibromodifluoromethane in this re-
spect. The effect of these agents on humans has not been determin-
ed, but the results on rats indicate that bromotrifluoromethane may
be used with relative safety in an inclosed area such as the interior
of a vehicle, tank, or plane. An approximation of the safety factors
of these agents in relation to that of carbon tetrachloride or methyl
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bromide, if 3 pounds (weight of agent In current OTC hand extin-
guishers) were released in a space having an Interior vol1e of
200 cubic feet (approximately that of a combat tank), would be as
follows:

Tank Vapor Relative Sety
nt con. Factor

Bromotrifluoromethane 35r000 24

Carbon dioxide 125,000 5.3

Dibrcmodifluorometbane 26,000 2.1

Carbon tetrachloride 30,000 1.0

Methyl bromide 58,000 0.1

Such a range of safety factors is interpreted as indicating that
the effect on a human being of a 15-minute exposure to the various
agents, under the conditions given, would conceivably range from
slight or none for bromotrifluorcmethane to probably lethal for
methyl bromide. Another factor in toxicity, of course, is the ef-
fect of pyrolosis products that are themselves toxic. Here, again,
bromotrifluoromethane has shown its superiority over dibromodi-
fluoromethane in the tests thus far completed.

No known practical extinguishing agent is self-expelling
over the expected range of storage and use (-65 to .160 F). Both
of the agents under consideration can be applied from cylinders
pressurized with inert gas, neither being suitable for use in pump
type extinguishers such as those currently used for carbon tetra-
chloride. When applied from a pressurized container (400 psig at
70 F) the discharge ranges from a fine mist at low temperatures to
a gas at the upper limit, brcmotrifluoromethane being the more
volatile of the two. At room temperatures and below, dibromodi-
fluoromethane can also be applied as a solid stream, using a lower
discharging pressure (under 200 psig at 70 F). However, neither
agent solidifies on discharge at -65 F, as will carbon dioxide.

These agents require the same production facilities as
the fluorinated refrigerants (freon), and for this reason their
cost will be comparable. For this same reason, neither agent
possesses an appreciable inherent advantage over others with re-
spect to cost. Although their cost will be considerably higher
than that of agents now in use (carbon tetrachloride is currently
quoted at 80 per lb), it should be noted, that the more expensive

9. Relative safety factor Tank vapor concentration (plpm)
Approximate lethal concentration (ppm)
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fluorinated refrigerants were accepted in place of those previously
used because of their loy toxicity. A similar preference is antici-
pated for brcmotrifluorcoethane.

The oampliance of the selected agents to the military
characteristics is shown in Table XVII. It is noted that both bromo-
trifluoromethane and dibrcmodifluoromethane comply, with the military
charsateristics, which are somewhat general in nature. For this
reason, the governing factor in the final selection of one of these
agents for service test is that of toxicity, their fire fighting
effectiveness and other characteristics being approximately equal.

The serrice test of a brcnofluorooarbon agent has been ap-
proved by the CETC0, and bromotrifluorousthane has been selected as
the specific agent to be thus tested., with delivery for this pur-
pose anticipated for the spring 1951.

20. Future Work. While the service tests of bromotrifluoro-
methane are in progress, work will continue on the following phases
of the present investigation:

a. Completion of toxicity investigations. (More com-
prehensive toxological data will be required before clearance of
the new agent can be obtained from the Surgeon General.)

b. Completion of corrosion and mechanism and pyrolysis
product studies, and development of theoretical correlations.

0. Completion of the design for the new extinguisher.
(Preliminary requirements have been set up, and two contracts have
been negotiated with industry to produce expendable extinguisher
units for use in service testing the agent.)

d. Engineering testing and studying of horn and extin-
guisher orifice design to provide optimum performance of the new
agent in the new extinguisher. (This study is projected for execu-
tion as soon as the new agent is available in larger quantities.)

IV. CONCLUJIMS

21. Conclusions. It is concluded that:

a. Of all the agents tested, bromotrifluoromethane best
suits the actual military requirements for a fire extinguishing
agent, and is superior to methyl bromide and carbon tetrachloride.

10. CITC Meeting 205, Item 1083, 16 November 1949.
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IKtem M.1O,11 CSTC INTnr is a requirement for a fr
agent equal to or superior to methyl bromi' in its effectiihneub in the

* extinguishment of fires, and no more toxic than carbon tetrachloride. This
development may result In an item of material -that possesses such marked
superiority over existing items that complete replacement will be justified*

a. MDVMC33 a
(1) Report of Preliminary Tests of NCB" Fire Extinguishing Agent by

Engineer Research and Development Laboratories U4 August 1946.
b. OJECTIVE:

(1) Development of an improved, self-contained fire extinguishing agent
to replace existing agents used in combating flammable liquid and
electrical fires.

c. MILITARY CHARACTERISTICSs
(1) The agent shall be suitable for use in combating Class "B" and OC"

fires.
(2) It shall not be more toxic than carbon tetrachloride.
(3) It shall be suitable for use at temperatures from 120 degrees F to at

least minus 50 degrees F, and as near to minus 70 degrees F as possible
(4) It shall not detetiorate when transported, or when stored for periods

of time up to five years, under any climatic conditions.
(5) It may be produced in quantity within reasonable cost limits, and

with existing production facilities.
(6) Its corrosive effects shall not be greater than that of standard carbon

tetrachloride fire extinguisher fluid.
(7) It shall be & non-conductor of electricity.

d. DISCUSSIOCs
(1) Preliminary studies of fire extinguisher media have included a study

of a new agent captured in fermany which appears to have desirable
characteristics as a fire extinguishing agent. This agent has a
chemical nomenalature of Pmonochloromonobromomethanew which, for
simplicity, is being called ,.*". A limited quantity has been pro-
ducedoand tested. The results of these 1reliminr tests haL

,,.. tic a. I- 1. I
JO PUU. 1 iN 1041 I9

-ousur8H o0ASU*Z•Wfo .- tKICSBSIFIM
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. DISCWSIQR (Continued)s
(1) proved encouraging.
(2) The agencies interested in this project in addition to the Corps of

Engineers are the Army Ground Forces, Air Force, and the Navy.
P ROJET PLANs

(1) Funds will be provided to a qualified research agency to search the
chemical compound field for an agent equal or superior to methyl bromide
in its effectiveness in extinguishing fires, and which is no more toxic
than carbon tetrachloride. Any agents which laboratory tests indicate
are worthy of trial will be procured for thorrugh testing by the Engineer
Research and Development Laboratories or other qualified agency. If
necessary, an extinguisher for applying the agent will be developed.

(2) The Perdus Research Foamdation is to explore the Flourine field to deter-
mine the suitability of oven flourine compounds as fire extinguishing
agents.

""you-
ivegtzrr OlwrdiUrosf10 - tUNCLAS8IFZD



To enummto tUs ocalrbana and. halohrdrocarbcua unde StUdY
in Projeott 8-76-&•-003, the fo•lao4n nWno3ature bIs been dvvieOL

To designate a saturated balooarbon a series of digits
are used., the fist coorres•pmIg to the number of oarbon atom,
the second to the number of fluorine atoms UhP t14r to th number
of ohlorine atom, the fourth to the number of brod= atom, and
the fn fth to the number of iodine atom in the balooarboi or
balcaydromwbca moleoule. Hydrogen, is not deselnoted, and. the flfl
ze of digits are not written. A cyclic compound is suffixed by
(c), or by the following designations of an aliphatic group vhich
is coupled to the ring:

methyl (x)
ethyl (Z)7 (2X)1,2 dlithyl (2M)
1,2,3 •,imethyl 2, M)
i,V4 dietbvl etc (42) eto

Isomers are designated by suffixes AAD,C, etc. .and. if symetrical
are written without suffix. Non-symetrical oonpmu-As are designated.
by the letters AB,C, etc.., corresponding to the location of the odd.
halogen atoms. Thus, the compound

FIFF
Fi 7 F

F-C-C-C-C - Cl

Ii i i

I il F

FCIFE

is designated balon a91B.

In the event that the mnuber of any type of halogen atom
in the compound exceeds nine., letters are used in place of numerals.
Thus,. If thirteen fluorine atones are 13resent.. the letter X is usedto designate the number of fluorine atone.

Inteee-tta tenne o n yp fhloe tm



TMLO of 1. awagc shmeint

1. Nature of Flawe There are several ivas of explaining
f propagaton. One conoept oposees free radioal obhan reac-
tions, which, in the ?aoe of hydrogen baing in =Moq , is
exzpainod as folJowesz

B2 + [Old-%O + DO

312+103-40-ECo + DE
In this wechanism the free radicals W be said to form at elevated
temperatures,, and the radicals diffusing ahead of the flw initiate
the reaction in the unburned prtimn of the gas. Another concept
proposes that energy liberated in combustion is radiated to aeljaoout
unbrned miwalupse, thus enprgizing them suffcioentLy so that they
umlergo ccmbustion.

In either mase free radicals my provide the reaction
wmchanisa. The ifference between the two concepts is in the
in which esnrgy is transferred from the reacting to the noxreaeting
zone. This energy is necessary to initiate or sustain combustion.
H7drogen and ca en •my be mixed at room temperature without reaction,
but the application of a spark or flaso will initiate a reaction
that will propagate itself to completion. In mixtures of hydrogen
and chlorine, light energy only is needed to initiate the reaction.
It must be noted that in order for the reactions to sustain them-
sieves, evach molecule mt be activated with sufficient energy to
react. The resulting net energy change (q) is expressed by the
equation

whereq= 2- 1 6

li activation energy., and.
- energy liberated in reaction.

When q is positive, as shown, the reaction is iothermic, as is the
case of a combustion reaction.

B. Lewis and. , Von Me Cabustion, Flas and& Ealosion at
Gases (Cambridge: Cambrid University Press, 1938).
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Time

2. bobeaisem of XtLDRish)nt,. If ozygen dilution vwo the
only factor, Inert gases wouls be essentially equivalent in their
effect, volume for volume. Hence, a fire extinguishing agent moot
positively deter flame propgtion, as o el as effect omygen dilu-
tion in the air. It follows that a fire extinguishing agent my
(1) block the free radical chain by reaction, or by absorbing raw-
cal energy; (2) it my absorb energy directly in the flame zone,
reducing the e rm level below the activation evergy for the com-
bustion reaction; or (3) it may form metastable compounds or com-
plexes with free radicals, thus preventing thtir diffusion to un-
burned gases.

Evidence indicates that the effectiveness of the halocar-
bon agent varies with the type of halogen present, as indicated in
the body of this report, so that in this case the blocking or
energy absorbing property appears to be a function of the halogen
group.

3. Additional Properties of Agents used in Fire Extinguishing.
On further consideration of activation energies, It is seen that any
ccmqxud, ur even atoms, my be decomposed if sufficient energy is
expended. The initial energy necessary is the activation energy
for the particular reaction. Thus a fire extinguishing agent may be
decomposed, no matter how stable it my be. The criterion Yf this
type of reaction is the msg iude of the activation eurgy). High

SIn this investigation, an agent which performs satisfactorily in
Class B and C fires is sought, and it is not expected that such an
agent will be satisfactory, for instance, against mgaesium fires,
where the energy level is extremely high, and an exothermic reaction
is possible betweeu the mgnesium am the halogen of the balocarbon.



actiyatJx. O., rgy Indioates •iffioulty ,In initiating the reaotion,
and a slow r'ate of reaotion (Arrbwmiu, equation).

Thus, the doaoosition activtion energy for the agent
URst be sufficient to assure that decomuposition is at a m.inui
vhile the agent is exposed to the flaw, and that ther is no
possIbility of the agent reacting directly with oacbinod carbon or
hyrogme ccwmpents of Class B and C fires with the liberation of
heat.

Fluorocarbons are quite stable, anid require fairly high
temrpratures before decouposition, temperatures in the order of
700 to 900 C being required beffre significant Cleavages of poly-
carbon atom compounds Is noted.."

B. T. Brice, W. H. Pearlson, and J. H. Simmons, "Fluorocarbon

Chemistry: Cleavage of Carbon--Carbon Bonds by Chlorine and
Brceine," Journal of the American Chemical Society, 71 (.1949)
pp. 2499-250o.



Test Apyzstas anad PDoooSIow

as follow .-

An appe•rati slxllar in design to that described by Jones
and Gilliapd -ma c t-uct for use in dete-ving thp fabJblo
areas for mdxtwre of air, A-heptame amdx halogen o - - .is
apxm~tua (WOs Fig. Ii.) oonsiated. of a combustion tube (W) 5.1 cm
by 123 cm. Ypryid-ed. vith suitable inlets for introducing dry air
(8, 7, 17), haPtane (19, 2) and a halogen oon,,d. (20, 22). A
ground glass coyer plate at the bottCM of the tube permitted
operation at reduced pressur and served as relief valve in case-
of an explosion within the tuba. A mrcur r punp, consisting of
valyes (5, 6, 13) and mcury reservoirs (Z., 12), -ere provided for
mixing the gases. The pump "vas actuated by air pressure and the
ptXIing was controlled by a solmnold -valve (9). Talres (10, 11)
were used to control the flojs. A -vacuum pun (23) was used for
evacuating the combustion tube prior to cbar'igg It with the halo-
gen comwound and heptane. The pressure in the tube vas determined
from a anometer consisting of ameter stock (2) and a mrcury vell
(3). Mactrodes (15) and coil (16) were used to provido a spark
for ignition. 'These electrodes were made from 24-gage platinum
wire and adjusted to provide a spark gap of 6 mm. Little variation
in the flammable limits vas observed with changes in pressure from
about 200 mm meircury to atmospheric p]ressures.

Since,, in general, the vapor pressure of the test materials
was too low at normal room temperature to permit the attainment of
mixtures haying the desired cm•position, it vas found advantageous
to carry out the emperntse leading to the deteramnation of flam-
mable areas at pressures ranging from 300 to 5W00 m of mercury.
Hence, the combustion tube vas e.onauted and the desired amount of
heptane and halogen compound was introduced, the covp=4 with the
lowest volatility being introduced first. Dry air vas then intro-
duced in sufficient quantity to produce the required total pressure.

SPurdne Research Foundation, Inei m nFr xigibg
Agents for the Period 1 Set14 o"Wohl1,ud3 P

2 G. r. Jones, and. W. Gilliland., Xxtipction of Gasoline Flaws b
Inert Gases. (1.S. Bureau of MInes, Report of wstiti ons,
N. I. 38M April 191-6)
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The como ition of the mixture in the tube wes OalcuLate& froM the
pressure of each coo••ant. The air, heptans and hbelosen Oaowis
vas thoroughly mixed for a period of !0 to 15 amiutee, the eact
time depending upon the rate of pwi:M. Mxtures Vere oonsi1red.
flanmable if the flame, I aeled from the spark gap to'the top of
the tube.

Techniques of operation were cheokpd by dietersdng the
values for flxm.ble limits of xd4=W of 1bezne ard air. The
lover limit vas found to be i. i 1.6% and the upper limit 8.2 to
8.8 % as conared with 1.*4 and 8.0% _peTiousljy det.rmined at the
Bureau of Jdnes (Bulletin 270, 1928). Limits of flaumbility for
mixtures of baptane and air w detradrad at various total pres-
sures. Greater precision was obtained wheu the flablp limits
were determined at greatly reduced. pressurpes. Fcr example, for
mixtures containing 1 to 3% by volume of heptase, a total pressure
of 500 mm of mercury was satisfactory, but yhen the haptane com-
position was of the order of 3 to 8%, mare precise results were
obtained when operating at a total pressure of 4-00 mm of mercury.

Variations in the determirntion of the limits of flammability

are believed to be due to the condensation of small quantities
of heptane in the si.e-arm. of the tubes before mixing vas com-
pleted. As consequence, the composition of the mixture, as de-
termined from the amount of material introduced,, wvas not the
true composition of the gaseous mixture. At the lower pressures,
condensation in the side-ear= is avoided and the composition of
the gaseous mixture is te accurately obtained fr-m the quanti-
ties of materials introduced, The flanmble limits of heptsne
and air were found to be 1.0 to 1.2% for the lower limit and 7.0
to 7.3% for the upper limit.
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Fig. Fl ame Inhibition Apparatlam ual at the P•rdu esearoh
Fowndation.
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Apperzdiz D, &1ibit 2

•rBI, 2. laboratory Apa-atus an.d Procedure for =L Fire
xti isl-Tests. A laboratory setup (see Mi. 5.) vas Nevelped

by the NeaiL Branch of the vL, by means of which the fire ex-
tinguishing ant could be applied at a constant rate through the
fixed inlets A) to the n-heptano fire in the vater Jacketed con-
tainer (B). The agent vapors were passed through a sulI rotometer
(C), and the flow rate was controlled by the pressure redncing valve
(D). Prior to test, the agent vapor lines were purged with N2
followed by the particular agent under test. In the test procedure
followed, a flow of cold water was maintained in the container
jacket (R) to insure a constant temperature, and the container was
filled. with n-heptane to within exactly one inch of the fixed inlets.
After the heptane had been ignited with a gas burner, a preburn of
30 seconds was permitted, following which, the agent vapors were
admitted to the test container at a predetermined and constant pres-
sure (constant flow rate), and the time of extinguishment was noted
by a stop watch. Finally, the jacketed ccptainer, which was
located under a laboratory hood, was flushed with fresh air. The
amount of agent required could be calculated from the time and rate
of flow, and various rates were used to determine if this variable
affected the results significantly. This method was adaptable only
to compounds which are gases at room temperature and pressure.



d

1i•. 5. Pot fire test apparatus used at the N•DL.
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Apeu Di.x, k~lbit 3

saw as tbility dotermtIons, except that
the combustion tube ins plaoee in an insulated oylinder bath tbLt
could be heated electrically to control tLh tube teamerature within
1 doeree Centigrade or could be cooled by dry ice in trihlo]roetby-
lene. SBo cbanges were neoeseary in the tube (the stopper serving
as a relief valre bad to be placed on the top of the tube). This
apparatus is described as follows:l

As with conventional tubes, a pyrex tube (51 =a OD by 120
cm long) Vas Constricted. and an 8-r tube es sealed at the end to
Sead to the dxing system. The edge of the open end vas ground
smooth and flat so as to make a tight seal with a flat piece of
rubber when the tube vas evacuated. An 8-rm tube leading from the
mixing system was sealed to the tube through a ring-seal near the
open end. A spark gap vas made by sealing two platimm electxwol
in the tube near the closed end. The experiments were then per-
formed. by placing the tube either in a bath of dry ice and
trichloroetbylene for the -78 C data an air bath for room tempera-
ture data an& an oil bath heated by two 75-watt heaters (No. 19
Nichrome) controlled through 18 -eap variaros for the ]145 C data.
It was necessary to use a puming cycle of 30 midnutes to insure
complete homogeneity of the gaseous mixtures.

1 Purdue Research Foundation, Interim Reprt on Fire Extinguishing

Agents for the Period• i rch =9 to 31 August 1949 n.d., p 14.
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O 4. P Data, o fet of To •ati•n. fnd' Pre suro ca

T:Title at-

6 Irfeet of tamperat.e on flawble area of brona- 62
tetae, p: Top: at 96 0; Bott ot: at -T8 0.

T ZffTct of t-e-rature on flaxable area of carbon 63
tetraflrouide, Top: at +26 Cj Bottom: at -78 C.

8 Wffect of toparature on flabmble area of chloro- 64
trifl1iormthane, Top: at +26 C; Bottom: at -780.

9 Effect of teaperature on flammable area of brcuo- 65
trifluoromethaneo, Top: at +26 C; Bottom: at -78 0.

10 Effect of twmperature an flam~ble area of sulfur 66
hexafluorid.e• Top: at +26 C, Bottom: at -78 C.

a•-
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1 1

____________T(A4PERATLY - A

0

kOMO rmETHAN, P-ftewT BY vUia

7 L.VPERA URE -78C%

0 / 23 4 5 6 7 6 9 a
BR•OME•VtHAU A PERCCNr- BY MOME

Fig. 6. Effect of temperature on flammable area of bromometbane,
Top: at +26 C; Bottom: at -78 C.
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7
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5
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MTEPERA 7"WE - -78 C

0
0 3 6 9 R2 15 18 2?1 AN Z7 XO

CARBON' TCTRAFLwOREf, P(RCENP BY VOLUME

Fig. 7. Effect of temperature on flaanable area of carbon tetra-
fluoride, Top: at +26 C; Bottom: at -78 C.
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02

CAMPOrROTR/L OROAMAAC~I, PECEIZNT BY W4LUIWE

I4J

01

0 z 4 6 a /0 /Z2 1
CHLOROTR/PLUOROA~fEANEM MX7LUME PERCENT

irig. 8. Effect Of temperatUre on flaunable area of chiorotri-
fluorolluthafle, Top: at +26 C; Bottom: at -78 c.
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BROMfOrR/PLUOROAfA7WAAIE, ER CENV rB8Y VOL ME

Fig. 9. Effect of temperatur~e on flammable area of bromotri-
fluoromethane, Top: at -26 C; Bottom: at -78 C.
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Fig. 10. Effect of temperature on flammable area of sulfur
hexafluoride, Top: at +26 C, Bottom: at -78 C.
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Appedix D, ZkhIbit 5

EKE= 2. A tus an& Procedures for Corrosion Tests at
MIFI. Poli she and weighed strips of metal and 20 ml of the h

co`POund were sealed in ampoules (Carius tubes). The weight of the
samples varied. frum 1.2 to 3.5 g, d•epending on the type of metal.
The tubes were inserted in iron pipes wbich, in turn, were placed
in an oven heated at 392 F. After 30 days, the tubes were allowed
to cool to room temperature and then opened. The physical appear-
ance of each strip was noted and the liquid contents were stored in
vials for fiture studies. After removing coatings from the strips
which bad corroded, the strips were reweighed and changes in weight
compared with the original value were recorded.. This study was
initiated to show the stability of halogen compounds to aluminum,
copper and iron, conoa materials of construction. After this
study vas initiated it was requested that brass strips be substi-
tuted far copper strips.

Compounds showing m &rked instability to the metals at 392 F,
were heated in contact with the same metals at 200 F. In addition,
experiments were coda in which the halogen-containing com-
pounds were heated in contact with magnesium ribbon at 200 F.

Purdue Research Foundation, Sumuzry Report on Fire Ixtinguishing
Agents for the Period September 1, 1.947 to August 31, 19., n.d.,
p 13.

.3 .s-
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Appendix D, Rrhibit 6

MT5IT 6 Corrosion Data Obtaine, by PU

Table XVIII. Corrosive Action at Reflux Temperature,
under Aqueous Conditions for 100 Hours

S.... ... .Weight Of 39tal (19) ' in,-, Weight

Carbon Tetrachloride
Copper 1.8449 1.7271 -0.1178 - 7
Alumiuum 1.2891 0.0000 -1.2891 -100
Iron 3.1f522 2.4549 -0.9973 - 29

Carbon Tetrachloride
(with inhibitor)

Copper 1.8289 1.7306 -0.0983 - 5
Aluninum 1.2921 0.0000 -1. 2921 -100
Iron 3.2768 2.1348 -1.11420 - 32

Bromochloromethane
Copper 1.7705 1.7652 -0.0053 nil
Alundnum 1.34354 0.0000 -.134511 -100
Iron 3.4169 2.8851 -0.5308 - 16

3 S9
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Table XIX. Corrosive. Action at 39 7 (200 0) fAr 30 DV2

Weigt of Metals (ga Change in We iht
Compound Origmial F1na 1 Appearance

Carbon Tetrachloride
(vith inhibitor)

Copper 1.8297 0.0000 -1.8297 .i00 Completely
corroded

Aluminum 1.1894 0.0000 -1.1894 -100 Completely
corroded

Iron 3.0947 0.0000 -3.0947 -100 Completely
corroded

Carbon Tetrachloride
(vithout inhibitor)

Copper 1.7005 0.0000 -1.7005 -100 Completely
corroded

Aluminum 1.4000 1.3567 -0.0433 -3 Gray coating
Iron 2.8319 2.7562 -0.0757 -3 Black coating

Dichloromethane
Copper 1.7005 0.0000 -1.7005 -100 Black, com-

pletely cor-
roded

Aluminum 1.4190 1.3393 -0.0797 -6 Black coating
Iron 3.1027 3.0785 -0.0242 -8 Black coating

Bromochloramethan
Copper 1.8078 0.0000 -1.8078 -100 Completely

corroded
Aluminum 1.1758 O.6501 -0.5257 -45 Corroded
Iron 2.7196 2.7351 to.0156 ti Red coating

Dibromoethane
Copper 1.7856 0.0000 -1.7856 -100 Completely

corroded
Aluminum 1.1824 0.7041 -0.4783 -40 Corroded
Iron 3.2240 3.1121 -0.1119 -34 Red coating

1,1,2 -Trichlorotri -
fluoroethane

Copper 1.8443 0.0,085 -0.9358 51 Gray coating
Aluminum 1.1920 1.1920 0.0000 0 Slight dis-

coloration
Iron 3.0530 3.0530 0.0000 0 Slight dis-

coloration

1 -Bromo-2 -chloro-
ethane

Copper 1.7457 0.7730 -0.9727 -60 Black coating
Aluminum 1.4380 1.3188 -0.1192 -8 Black coating
Iron 3.2271 3.1982 -0.0289 -1 Black coating
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Table WII (Contlnud)

SWeih of Metalsog in)Ih
C JMd

1,2-Dibromotetra-
fluoroethane

Copper 1.7443 1.5"2 -0.2001 .11 r•a ooating
Aluminum 1.4465 0.0000 -1.405 -100 Qaj, com-

pletely oor-
roded

Iron 2.9080 2.9o43 -0.0037 nil Black coating

3-Bromo-l, 1, 1-tri-
fluoropropane

Copper 1.7581 1.6965 -0.0616 -3 Gray coating
Aluminum 1.2280 1.2280 0.0000 0 No discolor-

ation
Iron 3.1935 3.1841 -0.0094 nil No discolor-

ation

2-Bro=o-1,l,1-tri-
fluoropropane

copper 1.6717 1.5705 -0.10012 -6 Black coating
Aluminum 1.3970 0.0000 -1.3970 0 Completely

corroded
Iron 3.2663 3.2510 -0.0153 nil Black coating

Perfluoroheptane
Copper 1.6055 1.6055 0.0000 0 No change
Aluminum 1.4428 1.4601 #0.0173 0 Slight tarnish
Iron 2.7258 2.7258 0.0000 0 No change

Perfluoroethyl -
cyclohexane

Copper 1.6861 1.6861 0.0000 0 No change
Aluminum 1.4149 1.4327 .0.0178 0 Slight tarnish
Iron 3.1050 3.1050 0.0000 0 No change

Perfluoro (1,3 -dimethyl-
cyclohexane)

Copper 1.6838 1.6854 +0.0016 nil Slight tarnish
Aluminum 1.3945 1.4041 +0.0096 l Slight tarnish
Iron 2.8250 2.8256 +0.0006 nil Slight tarnish

Perfluoro (1,4-dimethyl-
cyclohexane)

Copper 1.7371 1.7371 0.0000 0 No change
Aluminum 1.3883 1.4062 +0.0179 ai Slight tarnish
Iron 3.1313 3.1318 40.0005 nil No change

Perfluoromethyl
cyclohexane

Copper 1.6209 1.6209 0.0000 0 NO change
Aluminum 1.4828 1.5062 +0.0234 #2 Slight tarnish
Iron 2.9908 2.9908 0.0000 0 No change
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Copper 1.7350 1.7350 0.0000 0 IND GODG
A~lumin,-m 1.4029 0. 0000 -1.4029 -100 Blac•k, oom-

pletelab 1 (aC-
roded

Iron 2.9379 2.9379 0. 0000 0 ND change

Perfluoroindane
Copper 1.6678 1.6678 0.0000 0 No discolor-

atton.Aluminum 1.033 1.4170 0 0.-01. +1 Bla-k coatik E
Iron 3.8083 3.1083 0.0000 0 No discolor-

ation

Methyl bromide
Copper 1.88437 1.8698 40.0261 41 Slight dis-

coloration
Aluminum 1.2145 1.21415 0.0000 0 No discolor-

ation
Iron 2.8081 2.8130 +0.00o6 nil Slight dis-

coloration

Trifluoromethane
(fluoroform)

Copper 1.7830 1.7830 0.0000 0 No discolor-
ation

Aluminum 1.2572 1.2578 O.0000 0 No discolor-
ation

Iron 3.1043 3.1043 0.0000 0 No discolor-
ation

Bromtrifluoromethane
Copper 1.8290 1.8398 40.0108 +1 Slight dia-

coloration
Aluminum 1.2101 1.2110 40.0009 nil No discolor-

ation
Iron 3.11.16 3.1170 +0.0051 nil Slight dis-

coloration

Chlorotrifluoromethane
Copper 1.8625 1.8625 0.0000 0 No discolor-

ation
Aluminum 1.1830 1.1830 0.0000 0 No discolor-

ation
Iron 2.9177 2.9177 0.0000 0 No discolor-

ation
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Table X. C osive Action at 200 7 (93 ) for 30D

OI of 0 S9 ue£nw%_x

Carbon Tetraohloride
Copper 1.8331 1.781 -0.010 -3 Black oostIzW
Alminum 1.2198 0.6177 -0.6o1 -49 Black ooatIzM
iron 3.3224 3.2T18 -o.o0o6 -2 Red ooatin

Carbon Tetrachloride
(with inhibitor)

Copper 1.8828 1.5780 -0.3048 -16 Black ooat zM
Al,.inum 1.1596 0.0000 -1.1596 -100 Conpletely

corroded
iron 3.3024 2.7677 -0.5347 -14 Red coating

1-Brcmo-2 -ohloroetbano
Copper 1.7733 1.7485 -0.0248 -1 Blaok ooating
Aluinima 1.2397 0.0000 -1.2397 -100 Completely

corroded

Iron 3.2377 3.2255 -0.0122 nil Black coating

2-Bromo-1,1, 1-trifluoro-
propane

Copper 1.8174 1.8174 0.0000 0 No discolor-
ation

Aluminum 1.3880 1.3880 0.0000 0 No discolor-
ation

Iron 3.6006 3.6006 0.0000 0 No discolor-
at ion

1,2-Dibrontetrafluoro-
ethane

Copper 1.8552 1.8552 0.0000 0 No discolor-
ation

Aluminum 1.1781 1.1781 0.0000 0 No discolor-
ation

Iron 3.4582 3.4582 0.0000 0 No discolor-
ation
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ApMndix D, kliibit 7

flEIT 7. Appzatus azA Procedures, Toxicit SBoreen of
Halocarbons by &M Chemical Center. Fire extinguishing agents were
used as follows:

&MIFoa=Lla Hilon No.

Carbon Tetrachloride 03 104
Chlorobromome't.hane CRI ClBr 1011
1Wthyl bromide CH3Br 1001
Lromotrifluoromethane CF33r 1301
Di bromod i fluoromethane CFjBr2  1202
Dibromotetraflwaoethane C2F4Br 2  2402Dibromocl- lorotrifluoroethane CC CIBr 2  2312

Ethyl brumid~e CflB 2001
Perfluoromethylcyclohexane C6FICF3  G((M)
Carbon tetrafluoride CF4  14

Carbon dioxide (C02) was used for purposes of comparison. The ani-
mals used were male Wistar strain rats weighing between 220 and 250 g.

For undecomposed vapor, glass constant-flow gassing chambers of
20-liter capacity were used. The air flow through the chambers was
held constant at the rate of 2 liters per minute. Concentrations of
the compound to be examined were set up by introducing measured
quantities of vapor into the affluent air at a constant rate. A
number of exposure runs were made using concentration levels, each
50 percent higher than the previous run. One rat was exposed in each
run for 15 minutes. Survivors were observed for 14 days. Dead ani-
mals were examined for pathology. Th- _ e for anesthesia during
exposure was noted.

For pyroJ.ized vapor the procedure was the same as that for
natural vapor, with the exception that prior to introduction into
the gassing chamber the vapors were passed through an iron pipe
maintained at 300 C in an electric furnace and then cooled to room
temperature, The rate of flow through the heated pipe was adjusted
so that the vapors were in contact with the hot metal for one secor4.

The method proposed by DeichmamnI was used as a basis for calcu-
lation of resuits. Deichmnn administered. to single animals doses

i W. B. Deichmann and T. J. LeBlanc, "Determination of the approxi-
mate Lethal Dose with about Six Animals," J. Ind. Hyg., 25 (1943.,)
p. 415.
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graded so that they were increased by 50 percent. The dose causing
the flrw• death vs called. the "appra•imte lethal dose" (AID).
Since this method had not prevlously been used. for inhalation
studies, its validity vas partially verified by an experimntal
series of runs vith nethyl bromide., using 10 rats at each concen-
tration level. the results being calculated by the method of
Wilcoxon and Litchfield2 . In the calculation of the "approximate
lethal concentration" (AID), all deaths occurring from the time
of exposure to the end. of the l4-day observation period were used.

2 F. Wilcozon and J. T. Litchfield,, Jr., "A Simplified Method for

Evaluating Dose-Effect Ekperiments," J. Pharm. and Exptl. Ther.,
96. 2, (June 1949), pp 99-U13.

3",a
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Appendix D, Exhibit 8

EXBIT 8. Engineering Test Apparatus and Procedures. The
Randolph Laboratories' 2*-lb C02 unit was used for applying the
agents in the engineering tests, while the fuel used was unleaded
industrial naphtha. Basically the test procedures followed Under-
writers' Laboratory standards.

a. Class B Fires. In the 2-ft diameter tub fires, a
2-ft diameter tub of sheet steel was filled with wvater tc Vth'r,
10J inches of the rim. Two quarts of gasoline were poured on the
water and ignited. A preburn of 20 seconds was allowed before the
fire was attacked as shown in Fig. 11.

b. Class C Fires. Three Class C fire tests were used:
(1) Eight pounds of cotton waste were spread over an area measur-
ing 2 by 4 feet, wetted evenly with 2 quarts of gasoline, and
ignited. After a 10-second preburn, the fire was attacked from one
narrow end of the area, toward the other. (2) The second test was
conducted in the same manner as the first except that 6 pounds of
waste were placed in an area 2 by 3 feet, and in quarts of gasoline
were applied. (3) In the third test, 4 pounds of cotton were used in
an area 2 by 2 feet and 1 quart of gasoline was applied (see Fig. 11).
The bulk of the Class C fire tests were conducted with the first
procedure cited above, since this procedure proved most suitable for
obtaining data on the more effective fire extinguishing agents, and
these data are shown in Table XXI.
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* puas

Fig. 11. Top: Extinguishing Class B tub fire with dibromodi-
fluoromethane, Bottom: Extinguishing Class C cotton
waste fire with the same agent.

-3"oi



Table Weuvlstian of Mmi mi, Oriflaw Nfecta
the ifmlia RMf1 IbwW wm~tbai

In Mlan 3 2-ft TOb Are Tentea

INO rif idsA~.T. to,

1 13416-In. -dim 11 5-in. long 0.062!5 9.6 2
14 O..IJI 8.6 3
K U K K0029 ~ 5.6

1 13ý16..ln. Lim. 1ý 2-iu. long 00.00625 8,~3 2
0.0111 5.3 2

K K0.02%833

3-inch. max. dim. flows 0.0625 n1.3 3
IN i N W 0.04211 T.63K L Ku I 0.02811 7.3 T

(a.) Tmsts conduotd irith 9ý'1b 002 07linder8 containing 2 lb of
agant prouaxizea to Z&O Pala at T0 I with nitogen. Rexult.e
Izadicatat are averagsu of 3 test..

(b) Swe 7ig. 12.
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Appen D. Ixhibit 10

EUBIT 10. Aparatus and Proedures, Inv Z !E.ature Fire
Tests In W old Chber. In gndctin fire tests at -65 F,
it was necessary to use thl 13- by 38-ft) Cold Chamber
of the NWL Climatic Test Laboratory, where an exh'at fan of 3600
oaf capacity is available. In order to contain the test fires, as
well as to collect and exhanst the caubustian prodicts Iuuediately,
a special test ammopy measuring 8 by 6 by 6j feet (see Fig. 13) was
designed by the Fire Apparatus Section and constructed in the NPDL
Shops. By the use of this device, danger to personnel was avoided,
and the atmosphere was kept clear enough so that the test fires
could be observed.

iquiiuent was set up In the test canopy and in the control
roa to provide semi-autcmatic and remote control of the tests.
The equipment in the canopy is shown in Fig. 14. An oscillating
swivel arm (A) was provided to direct the spray from the test
cylind (B) over the entire surface of the 25-ino square burning
pan (C), in which a spark plug (D) and methane bleed line (1) were
provided to ignite the fuel. A photo-electric cell (F) was provided
to record the incidence of fire in the pan. Since the cell is normal-
ly inoperative at -65 F, it was placed in an insulated box with a
20-watt light bulb to insure proper operation, a thermocouple located
in the insulated box indicated that a temperature of 50 F was main-
tained throughout the tests. The impulse fron the photo-electric
cell operated through a time delay relay to activate a motion
picture camera covering the field indicated in Fig. 1I. The time
delay relay also activated the solenoid (G) and the oscillating
motor (H), the units that provided for the release of the extin-
guishing agent and the sweep of the extinguisher over the burning
pan. The rheostat (J) controlled the period of oscillation, which
in these tests, was held at 57 seconds for a complete cycle. The
impulse from the photo-electric cell resulting from the extinguish-
ment of the fire was converted by the relay box to the necessary
circuit changes to immediately close the extinguisher valve, cease
oscillation of the bracket arm, and stop the motion picture camera.
An electric clock was synchronized with the relay box so as to in-
dicate the time required for extinguishment.

Thermocouples located inside the Cold Chamber indicated the
test temperature.

Randolph Laboratories 2ji-b and C-0-Two 2-lb 002 extinguishers,
charged with 2 pounds of agent, were used for the tests. An aluminum
horn was used for all the spray application testr and a straight
stream comnercial nozzle was used with the sme cylinder for the
straight stream application tests.
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The test procedm-e wva as follows:

Rcah charged extinguisher was weighed before and after
test, and the weights were recorded.

Prior to each fire 8 oz of fuel was placed in the
burning pan.

During the first tests the fire was started by aotivating
the spark plug; hoverer, the plug became so badly fouled that sub-
sequently the fire had to be lighted manually.

The time. inter'v between ignition of the fire, and acti-
ration of the extinguisher by the time delay relay was measured by
a manually operated stop watch, and. was recorded.

The time required for extinguishment was indicated auto-
matically on an electric clock, and was recorded by the operator
as was the method of applying the agent (straight etream or mist5,
and the number and type of cylinder used.

Care was taken to insure that no agent remained in the
burning pan before undertaking a subsequent test.



Fig. 1ii. Interior and. controls of canopy used in Cold. Chamber
tests. (See text for explanation of letters.)
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Appendix .19,btibit 1

APPUDX= I

Comparison of F Data with That from Other Sources

2MIIT 1. Data from Civil Aeronautics Axthorit, Eperimental
Station Indianapolis Una. The Technical Develoluent Service
of the Civil Aeronautics Authority,, conducts a progrea for teeting
the effectiveness of various agents in combating aircraft cylinder
fires. For this particular study, a bench assembly was set up that
consisted of a single cylinder of a radial aircraft engine (ocnplete
with baffles and plugs) mounted in an air duct, and extinggishing
nozzle and a source of fire. In operation, a mixture of air, fuel,
and lubricating oil was passed through the air duct and around the
cylinder, and was Ignited by applying a torch to the exhaust duct
of the system. The contours of the duct around the cylinder were
such that the flame was maintained on the leeward side of the cylin-
der, and did not progress to the fuel mixing chamber. Twenty seconds
preburn were allowed before application of the agent. The agent wv
applied as follows:

a. A predetermined weight of agent was fed to a pressure
cylinder at atmospheric, or elevated pressure, depending on the
vapor pressure of the agent.

b. The cylinder was then pressurized by nitrogen to a
predetermined pressure (500 psi in most cases reported here).

0. A quick opening valve was actuated to allow the agen+t
to be forced from the nozzle into the flame area, the nozzle being
located to provide optimum mixing of the agent with the fuel air
mixture involved.

The effectiveness of an agent was determined by varying the
amount of agent placed in the pressure chamber in a series of trials,
and noting whether or not a given amount of agent extinguished a
fire. The maxim=u amount which repeatedly extinguished a fire was
recorded as the measure of the efficiency of the agent. Check runs
were made with methyl bromide each time a compound was investigated.
The data from these tests are presented in Table XXII, together
with the weight of agent required and a calculation of its effi-
ciency in terms of methyl bromide. The determinations were made
using 20 seconds preburn, a large double slot nozzle, and a
pressure of 500 psi. The data are reproducible to 0.01 pound of
the agent.



Table XXII. Results of CAA Bench Tests of Fire Extinguishing Agents

Amount WeI ýht
Used effectivenessa

Uent Ralon No. (ib) ...

Methyl bromide 1001 0.10 100
Chlorobromomethane 1011 0.13 77
Methyl iodide 10001 0.15 67
Carbon tetrachloride 104 0.24 42
Dachlaurinb 0.27 37
Carbon dioxidec o.6o 17
1, 2-dIbromotetrafluoro- 2402* 0.11 91
ethane

Tetrabromoethane 2004 10.21 48
Bromodichloromethane 1021 0.12 83
Tribromomethane 1003 0.08 125
Bromotrichloromethane 1031 0.13 77
Dibromochloromethane 1012 0.10 100
Ethyl bromide 2001 0.16 63
1,,2-dibromoethane 2002 0.14 72
Dibromomethane 1002 0.11 91

,1 ,2-dibromo 3-chloro- 3012A 0.23 43
propane

(a) Methyl bromide - 100%.
(b) An agent incorporating carbon dioxide and chlorobromomethane.
(c) Application pressure 800 psi.

The CAA report noted that this table gives a comparison of
agents under one arbitrary condition only, and pointed out that it
is possible that some agents may be more effective when discharged
through a different size or type of nozzle and/or at a different
pressure. They reported that in preliminary investigations, at
pressures from 100 psi to 600 psi, and using large, medium., and
small nozzles of the same design, the results indicated that methyl
bromide was most effective when used with the medium sized nozzle at
200 psi, requiring .09 pounds of agent to extinguish the fire.

The curve in Fig. 15 compares the weight efficiencies estimated
from the PRF data with those calculated from the CAA data. It is
seen that carbon dioxide does not produce a point near the apparent
function, probably a result of difficulty in testing carbon dioxide
in the bench test because of its high vapor pressure (approximately
800 psi). The smaller deviations from a linear relationship pro-
bably result from:

(1) The application rate characteristics of individual

301-
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compounds in the bench test (see Table XIII).

(2) A difference between the flammable material conoen-
tration in the bench test and the flammable conoentration in the
flame inhibition test (i.e., the bench test may employ a oonoen-
tration of flamnable differing from that at peak flammability).

(3) The possible effect of molecular weight on such
properties as rate of diffusion (this as not considered in the
weight efficiency estimates based on PRF data).

(4) A pressure in the fire zone of the bench test dif-
fering from that in the flame inhibition tests.
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Appendix E, Exhibit 2

EXEEBIT 2. Comparison cf PRF Data with Similar Data from

Minnesota Mining and Manufacturing Company. The following descrip-

tion of the test method used is taken from a report of the New Pro-

ducts Division of the Minnesota Mining and Manufacturing Company,

Fluorocarbons as Fire Extinguishing Agents, 5 November 1948. The

reporting orgwnization emphasized that the data obtained by this

method are comparative and limited to this particular test, and were

taken for the purpose of preliminary or "screening" investigation.

The report stated that tie method used to compare the efficien-

cies of the fluorocarbons with other types of fire extinguishing

agents was essentially as follows: A five-gallon can, lacquered

on the inside, was equipped with a mixing fan, an observation win-

dow sealed azad clamped to the top of the can, a large rubber stopper

inserted in the hole at the top of the can, and a gas inlet tube at

the bottom of the can. The desired amouLt of liquid or gas was

introduced into the can, and the can was immediately closed. The

fan was started and the gases were mixed for five minutes. The

liquid samples were evaporated quickly by applying heat, and then

the system was cooled to room temperature before beginning the

test. After the five-minute period, the fan was stopped. Cotton

(0.5 g) in a wire basket (copper or nichrome) was wet with 10 drops

of heptane and ignited, and the flaming cotton was thrust into the

can. After the flame was extinguished, the cotton was removed, and

air was blown through the system for ten minutes before another

test was begun.

The experimental results from the above report are suimmarized

in Table XXIII, in which the comparative effectiveness has been cal-

culated for the agents which were also evaluated at Purdue. Since a

direct basis of comparison did not exist (methyl bromide was not

tested by *1&), carbon dioxide was used as the key compound, its

percent effectiveness (74%) being assumed to be the same in this

test as it was in the other. Comparison of these data with equi-

valent data from the PRF is shown in Fig. 16.

a
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Table XXIII. Smwbry of Results of Fire Tests
by Minnesota Minin and Manufaoturing 0wpmW

Approximate
Boiling Amount to
Point Extinguish Effective-

Agent Halon (Deg. C) Flame Instan- neas
No. taneouly (W)a

(% by Wt. in Air)

Carbon tetrafluoride 14 -129 28-33 47

Hexafluoroethane 26 - 78 28-31

Octafluoropropane 38 - 38 29

Octadecafluoro- - 99 35-40
d ibutylether

Chlorobromometbane 1011 69 15 95

Carbon tetrachloride 104 77 25 57

Carbon dioxide - - 20 71b

Dlichloromethane 102 40 25-30

Methyl iodide 10001 42 15 95

(a) Methyl bromide = 100%

(b) See text in previous paragraph.
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Apix 1, tihibit3

MI T 3. Data ft-= bglish 8ources. In an intelliganoe re-
part, the Air Force Attache Iu LM&c reported data develope& by
the Pyrene Co., Ltd. (Lomdoia).1 Burgoyne and Riobhrdscm, of the
imperial College of Science & Technology, London, have reported
the results of similar tests.2 Table =I shows the concentra~tins
of agents (in gram per liter of air) foud by the Pyrene Co. to
be necessary to extinguish n-heptans fires at normal temperatures
and pressures. It also shows the ccmentrations of agents in air,
expressed as volume percent, found by Brgoyne and Richardson to
be necessary to extinguish n-hexane liquid fires instantaneously.
For each of these, the percent effectiveness was calculated in the
manner previously reported in Appendix ., 3zhibits 2 and 3.

Table XXIV. Results of Fire Tests by English Investigators

P rene Co.,Ltd Burgoyne & Richardson
Halon . ffective- CGoc. Effective-

Agent No. oOss ness
(% by Wt)a(% bZ Vol) .(% by Wt)a

Methyl bromide 1001 0.09 100 5.5 100

Methyl iodide 10001 0.28 68 -

Carbon tetrachloride l04 0.33 58 7.2 47

Carbon dioxide - - 22 53.5

(a) Methyl bromide set at 100..

1 Air Force Intelligence Report 817-48, "Aircraft Fire Protection,"

3 May 19.8, p. 3.
2 J. H. Burgoyne and. J. F. Richardson, "Extinguishing Burning

Liqluids"l, Fuel 28,p 7 (19419) P. 155.
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1. Transmitted herewith is Report 1177, "Interim Report, Vaporizing
Fire Extinguishing Agent," dated 18 August 1950, which was prepared by
the Technical Staff of the Engineer Research and Developmeat Laboratories.
This interim report covers laboratory tests and research to develop a
superior fire extinguishing agent, of low toxicity, suitable for use by
troops in hand-portable containers under all climatic conditions.

2. The report concludes thats

a. Of all the agents tested, bromotrifluoromethane best suits
the actual military requirements for a fire extinguishing agent, and is
superior to methyl bromide and carbon tetrachloride.

b. As a military fire fighting agent, dibromodifluoromethane
is equivalent to bromotrifluoromethane in all respects except that of
toxicity.

3. The report recommends that service tests be conducted on bromo-
trifluoromethane as a fire extinguishing agent for Class B and C fires.
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